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Abstract
Li-metal batteries are strongly considered to be one of the most promising candidates for high
energy density energy storage devices in our modern society. However, the state-of-the-art Limetal batteries are still limited by several challenges including 1) low energy/power density;
2) Li dendrite growth; 3) low coulombic efficiency, and 4) safety concern within the liquid
electrolyte. This thesis mainly focuses on addressing these challenges by using 3D printing
technique to realize high energy/power density Li-metal batteries.
A self-standing high areal energy density cathode for Li-S battery was developed by 3D
printing method in the first part. The optimized porosity and conductivity of cathode design
from macroscale to the nanoscale are beneficial for Li+/e- transport in a thick electrode. This
work offers a new strategy to fabricate high sulfur loading cathodes and improve the
electrochemical performance of advanced Li-S batteries.
However, Li+ transport is usually poor in thick cathodes, resulting in low capacity output, fast
capacity decay, and large overpotential. To tackle the issue of thick sulfur cathodes, a thicknessindependent electrode structure is proposed in the second part which can transform a thick
electrode into a combination of vertically aligned “thin electrodes”.
Apart from cathode, Li anode also plays an important role in determining the Li-metal batteries
performance. Herein, in the third part, a 3D-printed vertically aligned Li anode (3DP-VALi) is
shown to efficiently guide Li deposition via a “nucleation within micro-channel walls” process,
enabling a high-performance dendrite-free Li anode.
Issues like leakage, flammability, and electrochemical instability of liquid electrolyte have
triggered safety issues as well as restrictions on the practical application of Li-metal batteries.
Herein, in the fourth part, an ultra-high energy/power density quasi-solid-state Li-Se battery
was realized by combining a 3D-printed carbon nanotube interlayer with high Se-loading gelpolymer electrolyte-filled cathodes.
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To achieve high energy density all-solid-state Li metal battery, a dual vertically aligned
electrodes structure with well-controlled microscale features is proposed in the fifth part to
promote the development of fast charging all-solid-state Li metal battery.
In summary, these five parts in this thesis provide important guide to achieve a high energy
density Li metal battery by 3D printing technique.

Keywords
Li-metal batteries, 3D printing, Li anode, High-S/Se loading cathode, Thick electrode,
Vertically aligned electrode, Li dendrite, Li deposition, Li symmetric cell, Quasi-solid-state
battery, Solid-state battery.

Summary for Lay Audience
Li-metal batteries are concerned as one of the most promising energy-storage systems because
of their high energy density. However, their practical applications have long been hindered by
some challenges, such as huge volume change during cycling, Li dendrite growth caused by
uneven Li plating, and safety concern of flammable liquid electrolytes. This thesis is mainly
dedicated to solving the challenges in Li-metal batteries and achieving high energy density Limetal batteries, including the cathode and anode part, from the liquid electrolyte to solid-state
electrolyte.
At the cathode part, first, a 3D-printed freeze-dried S/C composite electrode was designed to
realize a high energy density and high-power-density Li-S battery. And a high areal capacity
was demonstrated by employing the designed cathode. However, Li-S battery still suffers from
capacity decay during cycling, especially in high-S loading cathode with thick. Herein, in the
second research work, a new strategy to apply 3D printing technique to carry out thicknessindependent Li-S cathode by converting the thick electrodes into a combination of numerous
vertically aligned “thin electrodes” was demonstrated. This work opens a new opportunity for
designing Li-S batteries with high sulfur loadings.
Besides the tremendous success made at the cathode part, enabling the stable Li metal is of
great importance for high energy density Li-metal batteries. Therefore, in the third research
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work, we have developed a 3D printed vertically aligned Li anode with well-controlled microscale features for selective “nucleation within micro-channel walls”, which can successfully
suppress Li dendrites.
The fourth and fifth research work was the 3D printing applied in quasi-solid-state and solidstate Li-metal batteries. To solve the safety concern of flammable liquid electrolyte, in the
fourth part, a high energy density quasi-solid-state Li-Se battery with an ultrahigh Se loadings
of 20 mg cm-2 and areal capacity of 12.99 mA h cm-2 under a high current density of 3 mA cm2

was developed. Moreover, in the fifth work, a dual-vertically aligned electrode was employed

to address the issues of poor Li+ kinetics and dendrite formation in fast charging all-solid-state
Li-metal batteries.
In summary, the strategies developed in this thesis provide important guidance to realize high
energy density Li-metal batteries.
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Chapter 1
1 Introduction to this thesis
1.1 Li-metal batteries
Over the past decades, lithium (Li) -ion batteries using graphite anodes with a theoretical
specific capacity of around 372 mAh g-1 have been widely used as a power sources for
portable electronic devices including mobile phones, laptops, and medical microelectronic
devices.1 Considerable efforts have been made to further improve the energy-density of Liion batteries.2
However, the energy density of the state-of-the-art Li-ion batteries will reach its theoretical
limit with the energy density of 300 Wh Kg-1, and the new battery system design are greatly
needed to satisfy the increasing demand for high energy density electric vehicles.3 In this
regard, exploring the high energy density next generation batteries system is quite urgent.
Lithium metal batteries (LMB) using Li metal anode have received great attentions and
have been widely regarded as one of the most promising candidate for the next generation
rechargeable batteries due to the extra-high capacity (3860 mAh g−1) and the lowest
negative electrochemical potential (−3.040 V vs the standard hydrogen electrode). 4-6

1.2 Challenges for Li-metal batteries
Great efforts have been tried to integrate Li metal into next-generation, high energy density,
high-performance rechargeable Li-metal batteries with greatly improved stability.
However, the practical applications of Li-metal batteries are still limited by several
challenges that result in low cycling efficiency and severe safety concerns.

7-9

The major

challenges and issues of Li-metal batteries can be summarized as follows:
1) Low energy density of Li metal battery
In recent years, the development of cathodes alternative to conventional intercalation
cathodes used in state-of-the-art Li-ion batteries, such as the sulfur (S) cathode for Li-S
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battery, has received numerous attention due to the high theoretical energy-density with
2600 Wh Kg-1.10 Nevertheless, there are still intricate challenges, such as low Li+/econductivity of sulfur and Li2S/Li2S2, large volumetric changes during cycling, and the
widely known “shuttle effects”, remaining to be solved.11 These problems lead to low
Coulombic efficiency, low sulfur utilization, fast capacity fading and poor cycle life, which
hinder the practical application of Li-S batteries. Recently, tremendous efforts have been
focused on suppressing polysulfides (PSs) shuttling between anode and cathode via
physical confinement and chemical absorption.12 Based on these attempts, good cycling
performance of Li-S batteries up to 1000 cycles have been achieved. Despite the significant
achievements, it should be noted that most of these long cycle lives were demonstrated
with low sulfur loading cathodes less than 3 mg cm-2.13 To achieve a high areal capacity of
4 mA h cm-2 as comparable to the state-of-the-art lithium-ion batteries, a high sulfur
loading of more than 3 mg cm-2 is crucial.
Nonetheless, a high sulfur loading is usually accompanied by an increase in electrode
thickness.14 The electrochemical performance of Li-S batteries can be highly affected by
the cathode thickness because of the prolonged and tortuous ion transport. What is worse,
the high concentration of Li2S formed on the cathode surface further hindered the Li+ and
PSs diffusion inside the cathode, resulting in incomplete electrochemical reaction and low
sulfur utilization.
2) Li dendrite growth and solid electrolyte interphase (SEI) layers
Although metallic lithium is regarded as the “Holy Grail” for the next-generation
rechargeable batteries due to its high theoretical capacity and low overpotential, the
uncontrollable Li dendrite growth, especially under high current densities and deep
plating/striping, has inhibited its practical application.15 The uncontrolled deposition and
Li dendrite growth induce continuous consumption of electrolyte and formation of unstable
16

, eventually leading to internal short circuits and poor electrochemical performance.

Many strategies have been demonstrated to be effective in eliminating the problems of the
Li metal anode. Despite the great achievements made to date, the poor ionic conductivities
of most protection layers, continuous consumption of electrolyte additives and large
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electrolyte/electrode interfacial resistance significantly limit the practical use of
conventional Li anodes to low current densities and areal capacities.
3) Safety concern caused by flammable liquid electrolyte
In the last few years, most of the achievements made in Li-metal batteries are based on
liquid electrolyte systems.17 Issues like leakage, flammability and electrochemical
instability of liquid electrolyte have triggered safety issues as well as restrictions on the
practical application of Li-metal batteries. Hence, solid-state lithium batteries (SSLBs),
replacing liquid electrolytes with high-stability and inflammable solid-state electrolytes
(abbre), have been regarded as a good choice for further application in terms of safety.18
Among the various SSLB systems, solid polymer electrolytes (SPEs) have been regarded
as one of the most promising candidates for practical application due to their
chemical/electrochemical stability, mechanical properties, low cost and scalable
fabrication methods.19 Nevertheless, many of the recently reported SPE-based SSLBs can
only operate at current densities/areal capacities lower than 0.5 mA cm-2/0.5 mAh cm-2,
which is far below the requirements for commercialization. The low operating current
densities prevent these SSLBs from being used in fast charging applications such as electric
vehicles.20
Therefore, a powerful new technique, 3D printing, is used to address the critical challenges
of Li-metal batteries from the cathode part, Li anode part, as well as the electrolyte to
achieve a high energy density, dendrite-free, and safety new battery system. The detailed
discussion will be present in Chapter 2.

1.3 Thesis objectives
In recent four years, with the fast development of novel techniques and nanomaterials,
researchers are attempting to realize high energy density Li-metal batteries with different
strategies. The author devoted significant time to develop different approaches to realize
the goal of Li-metal batteries from the cathode part to the anode part, including liquid
electrolyte and solid-state electrolyte by 3D printing technique. The main research
objectives are list below:
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Part. 1 Different approach for high mass loading of Li metal cathode
i) To develop a self-standing 3D sulfur/carbon cathode with high-sulfur loading to
facilitate Li+/e- transport at the macro-, micro-, and nano-scale in Li-S batteries. The
electrochemical performance of this rational design of Li-S cathode with high sulfur
loading will be established.
ii) To realize a thickness-independent Li-S cathode with high-sulfur loading which
transform a thick electrode into a combination of vertically aligned “thin electrode”. The
characterization of this cathode, as well as the influence of this cathode design on the
capacity and cycle life of Li-S batteries will be demonstrated.
Part. 2 Different strategies for the stabilization of Li metal anode
i) To develop a vertically aligned Li anode to effectively guide Li deposition via a
“nucleation within micro-channel walls” process. The electrochemical performance and
Li deposition morphologies will be investigated.
ii) To develop a 3D carbon nanotube (CNT) interlayer to protect Li anode combined with
high Se-loading cathode filled with ABBRE to achieve high-energy density quasi-solidstate Li-Se batteries (QEELSEBs). The Se-loading effect and electrochemical
performance will be discussed in detail.
iii) To develop dual vertically aligned electrodes (DVAEs) to accelerate Li+ transport and
suppress Li dendrite formation in all solid-state Li batteries (ASSLBs). The Li deposition
process and electrochemical performance of vertically aligned Li electrode with SPEs
will be investigated in detail. Also, the full battery performance of ASSLBs assembled
with DVAE will be investigated.

1.4 Thesis organizations
This thesis consists of 9 chapters (two introductory chapters, one experimental and
characterization details, five articles, and one conclusive chapter) and is organized
according to the requirements on Integrated-Article form as outlined in the Thesis
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Regulation Guide by the School of Graduate and Postdoctoral Studies (SGPS) of the
University of Western Ontario. Specially, it organizes according to the following sequence:
Chapter 1 gives a brief introduction of Li-metal batteries and their challenges. Moreover,
the research objectives and the thesis structure are also stated.
Chapter 2 reviews the recent development of 3D printing applied in Li batteries. From the
conventional Li-ion batteries and the next generation of Li-metal batteries’ cathode, anode,
as well the electrolyte, to the solid-state electrolyte, such as polymer-based electrolyte,
oxide-based electrolyte, and hybrid electrolyte.
Chapter 3 outlines the experimental synthetic approaches of 3D printing and
characterizations techniques applied to characterize the chemical/physical and
electrochemical properties of materials and batteries.
Chapter 4 presents the study using 3D printing method to design a high S-loading Li-S
cathode based on low-cost commercial BP-2000 carbon material. Different thickness with
different S-loading can be controlled by adjust the printed number. This work offers a new
strategy to fabricate high S-loading cathodes and improve the electrochemical performance
including cycling stability and rate performance by using 3D printing method.
Chapter 5 demonstrates a method which transform a thick electrode to numerous “thin
electrode” to realize a thickness independent Li-S cathode by integrating the 3D printing
technology with an ice template method. Each “thin electrode” presents a constant
thickness of around 20 μm, which functions as an electrochemical reaction sites, with a Li+
diffusion distance no more than 10 μm. No matter total thickness of cathode with different
S-loading, similar cycling performance and rate performance are reported in this work.
Chapter 6 develops a 3D vertically aligned Li anode with well controlled micro-scale
features for selective “nucleation within micro-channels walls”, which can successfully
suppress Li dendrites and cell short circuits. Furthermore, the Li deposition process also
shows the Li preferably nucleates and grows on the surface of the micro-walls. Benefiting
from the rational design of vertically aligned Li electrode, ultra-high plating/stripping
current densities/capacities of 10 mA cm-2 /10 mA h cm-2 and 5 mA cm-2 /20 mAh cm-2 are
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realized with a long cycle life of 1500 h and 400 h, respectively. This work opens a new
insight to design Li anode to achieve a series of dendrite-free metal anode and high energy
density Li meal battery.
Chapter 7 demonstrates an ultra-high-energy density (QSSLSEBs) by combining a 3Dprinted CNT interlayer with high Se-loading gel-polymer electrolyte (GPE) cathode. The
CNT interlayer is beneficial for Li dendrite suppressing, achieving a stable Li-Li symmetric
cell running for 400 h. Moreover, the QSSLSEBs delivered a highest reported areal
capacity of 12.99 mA h cm-2 for the Se-loading of 20 mg cm-2 at a high current density of
3 mA cm-2. This work opens a new window for high energy density QSSLSEBs with high
active materials loading via 3D printing.
Chapter 8 represents a strategy using dual-vertically aligned electrodes (DVAEs) to
address the issues of poor Li+ kinetics and dendrite formation in fast charging ASSLBs.
The confinement of Li nucleation is beneficial towards suppressing Li dendrite growth and
reducing the risk of short-circuiting under high current densities. To minimize the Li+
transport tortuosity in both the anode and cathode, a vertically aligned LiFePO4 (LFP) is
designed to facilitate Li+ transport and reduce Li+ diffusion resistance, thus improving the
rate performance. The high rate capabilities enabled by this rational design are proven
through evaluation of electrochemical performances in Li-Li symmetric cells and Li-LFP
full cells. This work provides a new strategy for designing fast charging ASSLBs via
rational structural design of electrodes.
Chapter 9 summarizes the results, conclusions, and contributions of the thesis work.
Furthermore, the author states some personal opinions, perspective, and suggestions for
future developments of Li-metal batteries and 3D printing technique.
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Chapter 2
Literature review*
There is rapid progress in the field of 3D printing technology for the production of
electrodes, electrolyte, and packages of batteries due to the technique’s low cost, wide
range of geometries printable, and rapid prototyping speed by combining computer-aided
design with advanced manufacturing procedures. The most important part of 3D-printing
applied in batteries is printing of electrodes, electrolytes, and packages. These will affect
the battery energy/power density. However, there are still several challenges that need to
be overcome to print active and stable electrodes/electrolytes for energy storage systems
that can rival that of the state-of-the art. In this review, the printing materials, and methods
for batteries from liquid to solid-state batteries are discussed and recent examples of this
technique applied in high power/energy batteries are highlighted. This review for batteries
will cover 3D printing technologies, printed cathode, and anode in conventional batteries,
and printed solid-state electrolyte in solid-state batteries. The working principles,
advantages, and limitations for solid-state batteries via 3D printing method will be
discussed before highlighting the printing materials for electrodes and electrolytes. We will
then discuss how to modify the electrode and solid-state electrolyte to raise the
electrochemical performance of solid-state batteries using 3D printing. Finally, we will
give our insights into the future perspectives of this printing technique for fabricating
batteries.

*A version of this chapter is ready to be submitted to Nano Energy
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2.1 3D printing applied in energy storage system
Energy storage systems are an integral part of electronic devices and the demand for
increasing energy density batteries is constantly growing.1, 2 Over the years, great efforts
have been made in exploring new electrode materials, electrolytes, battery structures, and
novel manufacturing methods with the goal of improving the electrochemical performance
of batteries, reducing the manufacturing cost, and expanding their commercial
applications.3,

4

Conventional manufacturing techniques for energy storage system are

complex and expensive process that are limited in their control of the geometry and
architecture of the electrode, ability to develop solid-state electrolytes (SSEs), and cell
packaging design. Simultaneously, over the years there has been growing demand for
portable electronic devices with ever-shrinking footprints. This means that a thicker battery
electrode must be built to increase the active material loading without reducing ion
migration. This will further improve the areal capacity and the energy density of devices.5,
6

However, it is worth noting that the ion transport distance is increased in thicker 2D

electrode, and therefore interfacial resistance is also increased, which can result in reduced
rate capability and energy density. Therefore, it is necessary to design a 3D structure in
electrode due to the shorter ion diffusion pathways and smaller resistance.
3D printing is a newer manufacturing technique for creating a 3D structure through a layerby-layer deposition process controlled by computer-aided design (CAD) software.7-9 The
technology is rapidly developing, and quickly becoming the basis for the next generation
of energy storage systems where batteries could be printed in any shape. One of the
strongest advantages of 3D printing is the ability to fabricate complex 3D objects via
interpreting CAD models. A further strength is the technique’s ability to deposit phase
change and reactive materials and solvent-based inks. This fabrication method begins with
the design of a 3D virtual model that is sliced into several 2D horizontal cross sections.10,
11

By successively printing new 2D layers on top of previous layers, a coherent 3D object

can be fabricated. Until now, electronic products have designed their devices according to
the size and shape of commercially available batteries, such as cylindrical or rectangular
shapes like the coin cell and/or pouch cell, which occupy a significant majority of space in
modern electronics devices.12-14 Additionally, it is easy to control the thickness of the final
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printed part by adjusting the number of printed layers. In battery design, this can be
leveraged to achieve control overactive material loading. Batteries further benefit from 3D
structured electrodes designed by 3D printing as fast ion migration in thicker electrodes
further improve rate capability of batteries. Overall, 3D printing has several significant
advantages compared with conventional battery fabrication technologies: 1) enables the
fabrication of desirable complex architectures; 2) precise control of the shape and thickness
of the electrodes; 3) printed solid-state electrolytes can obtain higher structural stability
and safer operation; 4) potential for lowered manufacturing cost, increased environmental
friendliness, and easier operation; and 5) possibility to eliminate the need for device
assembly and packaging via directly printing batteries and other electronics. 3D printing
opens new avenues for the rapid fabrication of 3D-structured batteries with complex
architectures and high performance.

2.2 From liquid to solid state electrolyte batteries
Solid-state batteries (SSBs) have attracted increasing attention as one of the most
promising next-generation batteries.15 By using a solid-state electrolyte to achieve the ionic
conduction and electronic insulation performed by an organic liquid electrolyte and
separator, SSBs can meet the requirement of both safety and performance. However, there
are various challenges remaining for SSBs that currently limit practical applications.16
Particular challenges exist at the interface between the solid-state electrolyte and the
electrodes. Interfacial issues are the most important factors affecting resistance in the
SSBs.17 3D printing is able to fabricate novel 3D-architectured electrodes with larger
surface area at the interface and enable higher areal-loading density in the battery. Printed
electrodes further provide shorter diffusion pathways and smaller resistances during the
ion-transport process, which improve battery energy density and power density.
In this manuscript we review the state-of-the art advances in 3D printing of batteries,
focusing on aspects related to the battery component, electrodes, electrolytes, and full
batteries from liquid to solid-state batteries. The printing techniques, advantages, and
disadvantages of different type of printing methods in terms of printing the cathode, anode,
and SSEs are described briefly. Finally, a conclusion and outlook are provided, pointing
out avenues for future research.
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Figure 2.1 A timeline of 3D printing methods applied in batteries from liquid to solid-state
batteries.
Figure 2.1 maps the timeline of 3D printing and the technique’s contribution to battery
development from liquid to solid developed in last several years. Stereolithography (SLA)
is a printing technique that was first developed in 1987 by Charles Hull and uses an
ultraviolet (UV) laser to induce polymerization to a photopolymer resin. After that point,
various 3D printing methods were gradually applied in the field of batteries, such as Fused
deposition modelling (FDM), selective laser sintering (SLS), direct ink writing (DIW),
inkjet printing (IJP), and other printing techniques. Recently in literature, it was reported
that Li-ion micro batteries can be designed by 3D printing. K. Sun and co-workers
developed the first 3D-printed micro-battery composed of high-aspect ratio anode and
cathode micro-arrays.18 Most of past works have been focused on conventional lithium
batteries, however, in parallel with the pursuit for high volumetric and gravimetric energy
density of lithium batteries, some quasi/full solid state batteries have been gradually
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proposed, such as quasi-solid-state Li batteries (QSSLBs),19 solid-state Li batteries
(SSLBs),20-22 and solid-state Li-S batteries (SSLSBs).23
Considering the compatibility among the preparation conditions, materials, and processes,
not all the 3D printing technologies and current materials used in conventional batteries are
appropriate for manufacturing printed batteries. A qualitative comparison of different 3D
printing techniques for printed batteries is shown in the table below.
Fused deposition modeling (FDM): Fused deposition modeling (FDM) printers are the
most commonly used printers for fabricating polymer parts.24, 25 Thermoplastics such as
PC, ABS and PLA, are commonly used as feed material due to their low melting
temperature. FDM printers work by controlled extrusion of thermoplastic filaments, as
shown in Table 2.1. In FDM, filaments melt into a semi-liquid state at nozzle and are
extruded layer by layer onto the build platform where layers are fused together and then
solidify into final parts. The quality of printed parts can be controlled by altering printing
parameters, such as layer thickness, printing orientation, raster width, raster angle, and air
gap. One common drawback of FDM printing is that the printed materials must be in a
filament form to enable the extrusion process. It is difficult to homogeneously disperse
reinforcements and remove the void formed during the manufacturing of filaments.
Another disadvantage of FDM printers is that the printable material is limited to
thermoplastic polymers with suitable melt viscosity. Specifically, the molten viscosity
should be high enough to provide structural support and low enough to enable extrusion.
Another challenge that FDM printers face is the difficulty to completely remove the support
structure used during printing. Despite these drawbacks, FDM printers offer several
advantages, including low cost, high printing speed and simplicity.26 Another advantage of
FDM printing is the potential to allow deposition of diverse materials simultaneously.
Multiple extrusion nozzles loaded with different materials can be set up in FDM printers,
such that the multi-material printed parts can be endowed with multiple functionalities.
Ink-jet printing (IJP): IJP technology was developed at the Massachusetts Institute of
Technology (MIT) in 1993 as a rapid prototyping technology.27 This technology is based
on powder processing strategies. Powders are first spread on the build platform and then

14

selectively joined into a patterned layer by depositing a liquid binder through an inkjet print
head, which can move in the X and Y direction. After a desired 2D pattern is formed, the
platform lowers, and a fresh layer of powder is spread. This process is repeated. At the
final step, unbound powder will be removed to yield the final product(s). The internal
structure can be controlled by altering the amount of deposited binder. Factors that
determine the quality of final products are powder size, binder viscosity, interactions
between the binder and powder, and the binder deposition speed. The key advantages of
this technology are the flexibility of material selections and room temperature processing
environment. Theoretically, any polymer materials in powder state could be printed by this
technology. Removal of support structure is relatively easy with this technique. However,
the binder used may incorporate other contaminations and the printing resolution is very
limited for this technology.
Stereolithography (SLA): SLA printing uses the process of polymerizing photopolymers
by UV laser. In this process, an UV-laser follows a set path in the resin reservoir, which
causes the photocurable resin to polymerize into a 2D patterned layer. After one 2D layer
is cured, the platform lowers and another layer of uncured resin is ready to be patterned.28
Some polymer materials typically used in SLA printing are acrylic and epoxy resins.29
Understanding the curing reactions occurring during polymerization is critical to control
the quality of final printed parts. Intensity of laser power, scan speed, and duration of
exposure all affect the curing time and printing resolution. Photo initiators and UV
absorbers can be added to the resin to control the depth of polymerization. The main
advantage of SLA printing technology is the ability to print parts with high resolution.
Additionally, because SLA is a nozzle-free technique, the problem of nozzle clogging can
be directly avoided. However, the high cost of this system is a main concern for industrial
application. Possible cytotoxicity of residual photo initiators and uncured resin is another
concern. This kind of printing method is usually used as package and solid-state electrolyte
for batteries.30, 31
Selective laser sintering (SLS): Selective laser sintering (SLS) technique is similar to IJP
as they are both based on powder processing.32 In SLS, a laser beam with a controlled path
scans the powders to sinter them by heating, instead of using a liquid binder. In SLS
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printing, under high power lasers, neighboring powders are fused together through
molecular diffusion, sintering a single layer. The platform is moved down, fresh powder is
overlayed, and then processing of the next layer starts. The feature resolution is determined
by powder particle size, laser power, scan spacing and scan speed. Although theoretically
any thermoplastic polymer in powder form could be processed by SLS technique, the
complex consolidation behavior and molecular diffusion process during sintering have
limited the choice of materials used in SLS process. Usually, polycaprolactone (PCL) and
polyamide (PA) are widely used laser sintering materials.32
Direct ink writing (DIW): DIW technique is based on extruding a viscous material from a
pressurized syringe with different needle sizes to create 3D shape of materials.33, 34 The
syringe head can move in three dimensions, while the platform keeps stationary. Extruded
materials are joined together, layer by layer. The curing step usually can be further
performed by dispensing two reactive components, using mixing nozzles or be induced
either by heat or UV light in certain cases. The viscosity and deposition speed of the
printing materials correlate with the quality of final printed parts. The key advantage of
this technique is flexibility of material choice(s), which is better for battery applications.35,
36

Furthermore, DIW can facilitate a wide range of feed materials such as solutions, pastes,

and hydrogels. A temporary, sacrificial material may be needed to support the printed
structure for DIW printing as the raw printed slurry material generally will have low
stiffness that may result in the collapse of complex structures.37
Other techniques: Recently, several new techniques have been developed for 3D printing
of composites, such as PolyJet which works by polymerization of deposited droplets of
photopolymer ink, digital light processing (DLP) which is based on selective
polymerization of an entire surface of photopolymer by a projector light,38 liquid deposition
modeling (LDM) which consists of the additive deposition of material layers directly from
a solution in a volatile solvent,39 and fiber encapsulation additive manufacturing (FEAM)
which involves directly encapsulating fiber within an extruded flowable polymer matrix.40
Compared to traditional 3D printing techniques, these methods have either more material
selections or faster processing time. However, due to their high cost and complexity, there
are few research efforts that have adopted these new techniques.
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Table 2.1 Precursor materials, advantages, and disadvantages of popular 3D-printing
techniques utilized for battery applications.
3D

Working

Usually

printer

mechanism

materials

hardened
SLA

by

printed

curable

Advantages

high

applying

photopolymer–

focused light or

typically a liquid

UV light

resin

Carbon-based,
IJP

finish

limited

pallet

resin

materials,

printed

of

objects

printing

limitation

resolution

printable inks, low
printing

(<50μm),

droplets of ink

polymer materials,

reduction

onto substrates

even biomaterials

material waste,

electrode

can be used

ability to print

fabrication

large areas

long-time durability

method,

by

continuous
rising

of

the

print head

of

The flexibility of

Easy operation,

printable materials,

low cost, wide

ranging

choice

from

of

polymer gels to

materials,

any

high shear thining

shape at room

colloidals

temperature

limited

speed,
to

through

the

heated
extrusion print
head

thick

electrode

Poor

Harsh requirements

Electrode,

on the rheological
electrolyte

properties of inks

Low

Layer-by-layer

electrolyte

of

and

layerwise

package,

difficult to remove

metallic

deposited in a

FDM

in batteries

propelling

Materials’ ink is

DIW

accuracy,

smooth surface

high

Application

Disadvantages

printing

Low cost, high

resolution,

speed, large size

limitation

of

Acrylonitrile-

capabilities,

thermoplastic

at

butadiene-styrene

great

elevated

(ABS), polylactic

mechanical

temperature (below

acid (PLA)

properties,

200℃)，low

printed objects

electrical

easily removed

conductivity
electrode

for

package

17

A high-powered
laser

to

Others

successively

(SLM)

melt each layer
of the powdered
material

Any

thermally

fusible

powder

material

within

operatable
temperature range

Create

metal

structure,
cost,

Weight

reduction
parts,

Low
of

The roughness of
the metal surface

Electrode

shorter

time to market

2.3 Electrode in lithium Batteries
2.3.1

Li battery cathode

Figure 2.2 (a) Schematic of battery preparation with the 3D-printed electrode with printing
width and height of 450 and 18 μm, respectively. (b) Fabrication process of LFP electrode
by low temperature direct writing (LTDW) method with inset optical image of the printing
LFP electrode. (c) Schematic illustration of 3DP-FDE applied in Li-S batteries with
excellent Li+/e- transport in both micro and nanoscale. (d) Schematic illustration of 3Dprinted r-GO framework with thermal shock synthesized Ni particles for Li-CO2 batteries.
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(e) The novel cathode designed with 3D-printed self-standing and hierarchically porous
catalyst framework without employing the porous matrix.
Recently, 3D printing technique has been a promising technology in battery applications.4143

Since different kinds of printing materials can be used in this technique, this allows us

to vary the 3D structure of electrodes, electrolytes, separators, and packaging in batteries.
The first 3D printing technique applied in LIBs by using DIW was reported by Sun et al.18
In this work, the authors designed and optimized both ink of LTO as anode and LFP as
cathode for printing. 3D interdigitated micro batteries were directly printed with that
approach, yielding optimized electrodes with high aspect ratio electrode architectures.
Benefiting from the strong design, the micro batteries exhibited a high areal energy density
of 9.7 J cm-2 at a power density of 2.7 mW cm-2. Sun et al.’s work found a new insight to
demonstrate micro batteries with high energy/power density by using 3D printing
technique. However, parameters affecting printing electrodes were not clear so Ryan R.
Kohlmeyer et al. reported the influence printing parameters had on the resulting rheological,
electrochemical, and mechanical properties.44 In that work, 3D-printable and free-standing
electrodes of three common LIB active materials, like Li4Ti5O12, LiFePO4, and LiCoO2
were prepared by using DIW method, which utilized a well-dispersed mixture of active
materials, CNFs, and polymers to make printable electrode slurry. The author found that
every component can play a significant role to improve the overall performance of the
printed electrode, for example, the addition of CNFs can promote the conductivity; the
addition of polymers improve the viscosity and mechanical properties of electrode; and
adding active materials varied the cell’s electric storage capacity. Therefore, each printed
electrode delivered good cycle ability and rate capability. Considering the advantage of 3D
printing method for batteries, many variations of cathodes can be printed and then applied
in batteries. For example, a 3D-printed LIB based on LMFP nanocrystals was developed
by Dr. Pan group, as shown in Figure 2.2(a).45 In this work, the 3D structure of the printed
slurry LMFP was built with printing height and width of 18 and 450 μm, respectively.
When the battery was assembled with 3D-printed LMFP, it demonstrated a capacity of
108.45 mAh g-1 at 100C and a reversible capacity of 150.21 mA h g-1 at 10C after 100
cycles. Compared with the traditional electrode, this LIB with 3D-printed LMFP cathode
demonstrated ultra-high rate capacity and capability. The authors also calculated the impact
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factor of electrolyte diffusion (D3) on battery rate performance. Further details were
measured such as solution intrinsic diffusion coefficient (D3A), efficiency porosity (D3B),
and electrode thickness (D3C), which all can play an important role in determining the
whole kinetics process in LIBs. Kohlmeyer et al.’s work paved the way to achieve high
rate and high capacity performance for LMFP cathode by using the 3D printing method.
There are many factors to consider when preparing ink-based printing for battery
applications. Room temperature printing processes usually can be used to prepare 3D
electrodes. One important factor during the printing process is to maintain the structural
integrity and strength of printed features. However, the electrode ink for printing must
easily flow and must maintain the printed 3D shape for a long time. Hence, a low
temperature direct writing (LTDW)-based 3D printing was for the first time used to prepare
LFP electrode in batteries by Changyong Liu et al. As shown in Figure 2.2(b), a porous
structure was demonstrated in the printed LFP electrode. During the printing process, low
temperature was used to freeze the electrode and maintain its printed shape such that the
biomaterial scaffolds with interconnected pores could be fabricated. Benefiting from that,
the LFP electrode with improved porosity facilitated electrolyte infiltration and Li ion
transport, therefore enhancing the rate performance of LIBs. By precisely controlling
electrode geometry and structure, 3D-printed electrodes can improve ion/electron transport.
Moreover, the thickness and active material loading can be directly controlled by adjusting
the number of printed electrode layers. 3D printing can also have a big role in Li- batteries.
K. Shen et al. for the first reported a 3D sulfur copolymer-graphene architecture (3DP-pSG)
with well-designed grid structure for Li-S batteries through the 3D printing approach.46
This printed cathode was fabricated based on an ink composed of sulfur particles, 1, 3diisopropenylbenzene (DIB), and condensed graphene oxide. The aforementioned study
demonstrated the advantages of 3D printing applied in fabrication of thick sulfur cathodes.
The work produced cathodes with a thickness of 600 μm by stacking 6 printed layers. When
the Li-S battery was assembled with a 3DP-pSG cathode, it delivered a reversible capacity
of 812.8 mA h g-1 and a capacity retention of just 43.4% within 50 cycles at 50 mA g -1.
These performances of the results were mainly attributed to the low electronic conductivity
of the sulfur copolymer and the poor Li+/e- transport in printed thick electrode. Therefore,
it is still necessary to find ways to optimize the 3D printing process to further ensure high
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electrochemical performance in Li-S batteries. Our group recently has shown a 3D-printed
lithium sulfur cathode to fabricate a thick electrode with porous structure in macro, micro,
and nano scale.47 As shown in Figure 2.2(c), the 3D-printed high sulfur-loading cathode
was employed in Li-S batteries. In this work, the ink for 3D printing is composed of the
sulfur/carbon (S/C) active material, acetylene black (AB), commercial carbon nanotubes
(CNTs), and polyvinylidene fluoride-hexafluoro propylene (PVDF-HFP) as the binder
dissolved in 1-methyl-2-pyrrolidinone (NMP). The porosity of the electrode structure was
further optimized by 3D printing combined with phase inversion to produce pores at the
macroscale and the nanoscale. This feature helped enable facile electronic and ionic
transportation in thick cathode, which improved the electrochemical performance of the
final 3D printed cathode with hierarchical porous structure. Therefore, when Li-S batteries
were assembled with the printed cathode at a sulfur loading of 5.5 mg cm-2, the battery
delivered a large initial specific discharge capacities of 912 mA h g-1 at rate as high as 2C,
equaling to high areal current densities of 18.4 mA cm-2. Our previous work offered a new
strategy to fabricate high sulfur loading cathodes and improve the electrochemical
performance including cycling stability and rate performance for Li-S batteries. However,
even with this optimization from macroscale to nanoscale by 3D printing combined with
phase inversion method for Li-S cathode, performance still suffered from capacity decay
with increased sulfur loading due to the prolonged and tortuous Li+/e- transport in the thick
electrode. 48-52 We further improved our technique by developing a thickness-independent
electrode with high sulfur loading Li-S cathode by shortening Li+/e- migration distance. 53
In this work, 3D disordered thick electrodes were converted into numerous vertically
aligned 2D “thin electrodes” by integrating the 3D-printing with an ice-template method.
Each of those thin electrodes had a constant thickness of around 20 μm which substantially
enhanced local accessibility to Li+/e-, enabling similar electrochemical kinetics in spite of
the total thickness of the whole electrode. As a result, highly similar cycling performance
and rate performance for Li-S batteries were demonstrated with the 250 μm and 750 μm
(i.e. sulfur loadings of 2 and 6 mg cm-2) electrodes. Both two different sulfur loading
cathodes delivered a similar capacity of 530 mA h g-1 at current density of 10 mA cm-2 and
a low capacity decay of 0.1% per cycle over 200 cycles at current density of 1 mA cm-2.
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Benefiting from the 3D printing technology has been an effective way to achieve high
energy and power density by increasing the mass loading of active materials. Hence, 3Dprinting has also found more applications in other energy storage devices like Li-CO2
batteries, Li-O2 batteries, and Na-O2 batteries. As shown in Figure 2.2(d), an effective
strategy of combining 3D printing with thermal shock treatment for the fabrication of a
thick electrode in a high energy density Li-CO2 battery was reported by Dr. Hu’s group. 54
In this work, a high areal capacity of 14.6 mA h cm-2 was achieved due to the thick
electrode design and uniform distribution of ultrafine catalyst nanoparticles. In addition,
Dr. Hu’s group were the first to propose and demonstrate Li-O2 cathode fabrication by 3Dprinting. 55 In that work, an additive-free hGO meshes macroscale and microscale porosity
were able to elevate active site utilization as well as mass/ionic transport to improve overall
Li-O2 battery performance. However, in the high energy density Li-O2 batteries, the
electrode still suffered from the passivation of cathode surfaces by the insulating Li2O2
product. Later research demonstrated 3D-printed self-standing MOF-derived hierarchically
porous frameworks for high energy density Li-O2 batteries, as reported by Zhiyang et al.
56

As shown in Figure 2.2(e), the porous framework consisted of micrometer sized pores

formed between Co-MOF derived carbon flakes and meso and micropores formed within
the flakes, which 1) possessed good conductivity and mechanical stability, 2) favored the
efficient deposition of Li2O2, and 3) facilitated the decomposition of insulation Li2O2.
Therefore, the cell energy was found to be significantly improved by employing this porous
cathode with a catalyst architecture. Zhiyang’s work showed a new pathway to design a
porous network cathode from nanometers to micrometers for realizing high energy density
of the Li-O2 batteries by 3D printing. Compared with Li-based batteries, Na-based batteries
also have some advantages due to the low cost and abundance of Na element. 3D printing
also has application in Na-O2 batteries due to the controllable thickness, mass loading, and
pore size. Recently, our group demonstrated the “O2 breathable” electrode by 3D printing
method for Na-O2 batteries.
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The design of 3D-printed macrospores electrode provided

smooth pathways to facilitate O2 access across the whole printed electrode. When the
battery was assembled with the 3D-printed “O2 breathable” electrode, it showed a high
capacity of 13484.6 mA h g-1 (9.1 mA h cm-2) at 0.2 A g-1, and also a stable cycling
performance over 120 cycles with a cutoff capacity of 500 mA h g-1 at 0.5 A g-1.
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2.3.2

Li battery anode

Figure 2.3 3D printing applied in the anode for lithium batteries. (a) Schematic of electron
and ion transport in conventional flat thick electrodes and 3D-printed electrodes. (b)
Schematic of the lithiation process for the 3D-printed Ag anode. (c) Schematic of 3D
printing MXene arrays and lattices to guide the nucleation and growth of lithium. (d) Rate
capabilities of symmetric cells with 3DP-MXene arrays Li, 3DP-MXene lattices-Li and
Cu-Li from 1 to 20 mA cm-2 and cycling performance 3DP-MXene arrays-Li under various
plating-stripping capacities with constant current density of 1 mA cm-2. (e, f) schematic
image of 3DP-Li plating and stripping process, Li-Li symmetric cell performance at a
current density/areal capacity of 10 mA cm-2/10mA h cm-2.(g) schematic illustration of
Cu3N NWs printing onto bare Li foil by a facile roll-press method. (h) Li-Li symmetric
cell test at current densities/areal capacities of 5mA cm-2/1mA h cm-2, and 5mA cm-2/5mA
h cm-2.
3D printing technology not only has demonstrated use in cathode fabrication, but also has
great potential for fabrication of the anode part of batteries due to the technique’s great
control over the electrode’s thickness and shape. A high mass loading porous thick
Li4Ti5O12 (LTO) anode with a thickness of around 200 μm, 450 μm, and 820μm were
printed under low temperature, as reported by Changyong et al, with corresponding mass
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loading of around 13.3 mg cm-2, 24.1 mg cm-2, and 32.3 mg cm-2.58 The work demonstrated
the difference of material specific capacities and areal capacities with electrode thickness
for the conventional flat electrode and 3D-printed electrodes. As shown in Figure 2.3(a),
the 3D-printed electrodes with well-designed architectures were able to achieve high
specific capacities and large areal capacities, which can be attributed to the transport
distance of Li ions within the electrodes being more constant than that of conventional flat
electrodes regardless of electrode thickness. However, such large thickness of the LTO
anode have major challenges, namely, the degradation of the rate capacities at a high rate
of 5C due to the slow kinetics in the electrodes. Therefore, the electrode shape design,
especially in 3D-printed electrodes, still faces a wide range of significant challenges. There
is a work proposed by Mohammad Sadeq et al. to fabricate a complex 3D lattice battery
electrode with hierarchical porosity for Li-ion batteries. 59 The 3D electrode demonstrated
a strain tolerance to deformation and retention of the shape during the lithiation and
delithiation process, as shown in Figure 2.3(b). However, both works have demonstrated
a low specific capacity and discharge voltage which cannot meet the requirement of electric
vehicles.
The lithium metal battery has the potential to be the next generation energy storage system
due to the high theoretical capacity (3860 mA h g-1) and lowest electrochemical potential
(-3.04 V vs. the standard hydrogen electrode).60, 61 This makes lithium metal batteries
highly desirable for use in electric vehicles. However, the nonuniform Li deposition during
the plating and stripping process has inhibited the lithium metal battery’s practical
application. A dendrite-free lithium anode was proposed based on 3D printed MXene
arrays by Dr. Shubin Yang’s group. 62 In their work, cobblestone-like lithium was grown
towards the direction of the interspaces between two printed filaments within the printed
array electrode, which achieved high areal capacities (10-20 mAh cm-2) and low
overpotentials of around 10 mV at a current density of 1 mA cm-2. Moreover, the voltage
profiles were still stable over 400h, elevating the areal capacity to a high value of 10 mA
h cm-2 at a limiting current density of 1 mA cm-2 (Figure 2.3(c) and Figure 2.3(d)). Such
good results are mainly attributed to the 3D-printed MXene arrays-Li which provided more
electroactive surface area and increased electrochemical reaction rates and facilitated Li+/etransfer during plating/stripping process. But for the practical application in lithium metal
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batteries, these results can still not satisfy the requirement of high energy/power density
rechargeable batteries, especially at such low current density of 1 mA cm-2. Therefore, a
3D-printed, vertically aligned Li anode (3DP-VALi) was proposed by our group to achieve
that goal.63 In that work, the Li anode was specifically designed with microscale features
for selective “side deposition”, where Li preferred to deposit on the micro walls of 3DPVALi (Figure 2.3e). As a result, the Li-Li symmetric cell presented an excellent long
cycling life of 1500h and 400h at ultrahigh current densities/areal capacities of 10 mA cm2

/10 mA h cm-2 and 5 mA cm-2/20 mA h cm-2, respectively, as shown in Figure 2.3(f). This

result demonstrates a way to realize a goal of high energy/power density lithium metal
battery. Another interesting work to achieve a dendrite-free Li metal featured the
introduction of interlayer between the Li anode and separator. Copper nitride nanowires
(Cu3N NWs) printed Li by a facile and roll-press method was reported by Dongsoo et al.64
In the aforementioned work, the Cu3N NWs were printed onto the Li metal surface by a
one-step roll pressing method, as shown in Figure 2.3(g). The transferred Cu3N NWs can
form a Li3N@Cu interlayer which has high Li-ion conductivity. Due to the suppression of
Li dendrite formation, the Li-Li symmetric cell thereby demonstrated a very stable cycling
performance at 5mA cm-2 with a capacity of 5 mA h cm-2 over 100hrs. Furthermore, the
full cell assembled with Li3N@Cu NWs-Li and LTO showed ultra-long cycling
performance at a high rate of 4C over 1000 cycles (Figure 2.3(h)). Therefore, introducing
an interlayer on Li metal is also a significant way to realize dendrite-free morphologies for
lithium metal batteries.
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2.3.3

Micro-battery

Figure 2.4 (a) Schematic illustration of 3D-printed interdigitated LTO-LFP micro battery
architectures. (b) Full cell voltage and areal capacity for 8-layer interdigitated LTO-LFP
electrodes. (c) 3D printed components of 3D printed bangle battery with an integrated
LED, and assembled this battery powering an LED. (d) A lighted LED string with the
pattern of CSU (Central South University). (e) Schematic representation of fully 3D
printed lithium ion square cell. (f) Comparison of cycling performance in a symmetric
cell at a current density of 5 mA cm-2 with an areal capacity of 2.5 mA h cm-2. (g) 3Dprinted lithium metal batteries with high aspect ratio. (h) Long-term cycling performance
at rate of 10C for the full cell with c-CNF/LFP cathode and c-CNF/Li anode.
Recently, 3D microbatteries have been proven to be highly suitable for application of
micro-electrochemical systems, biomedical sensors, and wireless sensors due to the high
energy/power density.65-70 Currently, lithium titanate (LTO) and lithium iron phosphate
(LFP) are the most commonly used anode and cathode materials in 3D-printed micro
batteries, exhibiting a minimal volumetric expansion, high rate capability, high stability,
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and security. In a work by Ke Sun et al., a 3D micro battery composed of high-aspect ratio
LTO-LFP electrodes with interdigital architectures was shown.18 Figure 2.4(a) shows the
interlaced stack of LTO and LFP electrodes that were 3D-printed layer by layer to create
the working anode and cathode of a micro battery. When an 8-layer 3D interdigitated micro
battery architecture (3D-IMA) was tested as a function of C rate, it delivered around 1.5
mAh cm-2 at a working voltage of 1.8V at a rate of 5C. More importantly, it exhibited a
good cycle life of over 30 cycles with a minimum decay in capacity as shown in Figure
2.4(b). This micro battery design could find a potential application in autonomous powered
microelectronics and biomedical devices. Benefiting from the liquid electrolyte, this DIW
design of microbattery can run at a high rate. However, for the FDM/FFF method, polymers
are usually a necessary component for microbatteries.71 One major hurdle to realizing the
goal of microbattery is the low ionic conductivity of the polymers used for 3D printing.
Recently, one article reported 3D-printed complete lithium ion batteries which employed
poly (lactic acid) (PLA) with a mixture of ethyl methyl carbonate, propylene carbonate,
and LiClO4 to achieve an ionic conductivity of 0.085 mA cm-1 in the electrolyte.72
Meanwhile, a high capacity can be realized through the contribution lithium titanate and
graphene in the anode, and lithium manganese oxide and carbon nanotubes in the cathode.
The authors also demonstrated a 3D-printed coin cell, as well as 3D printed wearable
electronic devices with integrated batteries (Figure 2.4c). The aforementioned work
created new polymer composites to enable 3D printing of lithium ion battery anode and
cathode. However, high areal loadings electrodes were not fabricated in the work.
Therefore, 3D architecture microelectrodes with high loading materials were proposed via
DIW technique to realize high areal capacity for lithium-ion micro batteries, as reported by
L. Zhou et al.73 Benefiting from the design of LFP microelectrodes with hierarchical porous
structure and the help of 3D printing combined with freeze drying method, the electrolyte
was able to penetrate the thick electrode and also facilitate Li ion transport. As a result, the
LFO microelectrodes with 32 mg cm-2 loading achieved an ultrahigh areal capacity of 5.05
mAh cm-2 after 100 cycles. Moreover, when the micro battery was assembled with 3Dprinted LFP and LTO as electrode, it delivered a good electrochemical performance. A full
cell assembled with the printed electrodes was used to light a series of light-emitting diodes
(LED) with the pattern of CSU, showing the viability of 3D-printies micro batteries, as
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shown in Figure 2.4(d). However, in the reported work, the full cell ran just 35 cycles with
a low coulombic efficiency of 82.7%, which cannot meet the real-application requirement
of electric vehicles.
A recently reported work focused on high energy/power density micro battery with 3D
printed thick, biphasic semisolid electrodes, as shown in Figure 2.4(e).8 That work
demonstrated a high areal capacity of 4.45 mAh cm-2 at 0.14 mA cm-2 (which is equivalent
to 17.3 Ah L-1), and also reported full cells delivering a high energy density of 20 mWh
cm-2 at around 1 mW cm-2. Although there are many developments in micro batteries by
the printing technique, 3D-printed lithium metal batteries have not been reported due to the
difficulties of printing lithium metal. It is worth noting that lithium metal batteries have
been regarded as the holy grail of next-generation energy storage system due to the highenergy density of lithium metal and low standard reduction potential (-3.04 V vs. standard
hydrogen electrode).74-76 A recently work reported high-performance lithium metal
batteries by using 3D printing. The cellulose nanofibers (CNFs) were employed in this
work due to the unique shear thining properties of CNF gel, enabling the printing of a LFP
electrode and acted as a stable scaffold for lithium metal. The authors found that the
dendrite formation was suppressed by the design of c-CNF/Li anode. As shown in Figure
2.4(f), the symmetric cell of c-CNF/Li delivered an outstanding stability with a lower
overpotential over 300h compared with that of bare Li metal symmetric cell, when tested
at a current density of 5mA cm-2. Moreover, the full battery showed a stable specific
capacity of 80 mA h g-1 over 3000 cycles at high rate of 10 C (Figure 2.4g, Figure 2.4h).
The aforementioned work opened a new window to approaches suitable for fabricating
high energy density lithium metal batteries.
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2.4 3D-printing applied in solid-state batteries
Conventional lithium-ion batteries with liquid electrolytes suffer from safety issues and
insufficient lifetime. All-solid-state lithium batteries (ASSLBs) have received great
attention as the next step for beyond state-of-the-art Li-ion batteries due to their improved
safety and energy-density.15, 41 The solid-state electrolyte (SSE) in ASSLBs has a main role
for ion transport, storage, and acts as a separator. Thereby, the SSE has a great influence
on electrochemical performance such as cycle and rate capability.77 There are different
kinds of SSEs, such as sulfide-based15,

78

, oxide-based,

79

polymer,80,

81

and halide

electrolytes.82-84 With the continuing advances of 3D printing technologies, SSEs can also
be directly printed so as to reduce the fabrication procedures, fabrication time, and
manufacturing cost. However, due to the limitation of air stability, sulfide-based and
halide-based electrolytes are not suitable to be printed. Therefore, polymer and oxide-based
electrolytes are the class of promising SSEs for 3D-printing using in ASSLBs.

2.4.1
2.4.1.1

3D-printed quasi-solid-state batteries
Li-ion batteries
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Figure 2.5 (a) Schematic of the 3D-printed interdigitated electrodes and electrolyte for
solid-state battery. (b) Cycling stability of the 3D-printed full cell. The inset is a digital
image of the 3D-printed full cell consisting of LFP-rGO, LTO/rGO, and polymer
electrolyte. (d) Schematic illustration of the filamentary printing process. (e) Rate
performance (top) and cycling performance (0.2C, bottom) of the PEMA configuration. (f)
Schematic of the assembly procedure for a full solid-state lithium-ion battery (FSLB) with
the designed architecture. (g) Schematic of the printed hybrid solid-state electrolyte. (h)
First cycle-discharge voltage profiles of MnO2/Li with printed electrolyte at a specific
current of 16 mA g-1 (left), and rate profiles of Li/MnO2 half-cell with printed/cast INK-2
electrolyte at various specific currents.
Due to the high ionic conductivity, low cost, environmental friendliness, and safety of
polymer electrolytes, polymer SSEs have been attracting significant attention in the energy
3D printing field.85-87 Moreover, graphene oxide (GO) has also shown promising printing
additives because of its high viscosity and shear-thing behavior, which is well suited to 3D
printing.88, 89 Recently, a GO-based electrode composites inks and gel-polymer electrolyte
inks was reported to realize 3D-printed solid-state lithium batteries by Liangbing Hu’s
group.19 As shown in Figure 2.5(a), the 3D-printed solid-state lithium battery was
composed of lithium ion phosphate (LFP) as the cathode and lithium titanium oxide (LTO)
as the anode. Both electrodes featured highly concentrated GO sheets to bind the electrode
materials, and poly(vinylidenefluoride)-co-hexafluoropropylene (PVDF-co-HFP) with
Al2O3 nanoparticles as gel-polymer electrolyte. The Figure 2.5(b) shows the 3D-printed
full cell. Both cathode and anode loading are ~18 mg cm-2 when normalized to the overall
area of battery. However, during the cell assembly, the liquid electrolyte was injected into
the channel between two electrodes to fully soak the electrodes and serve as the polymer
electrolyte. However, this design of 3D-printed battery should be more specifically
delineated as a quasi-solid-state lithium battery (QSSLB) rather than an ASSLB.

90-92

A

low cost micro battery was fabricated by employing ink-jet printed ionogel electrolyte and
porous composite electrode.93 In that work the LFP cathode and LTO anode porous
electrodes were both coated by an ionogel solid electrolyte layer and were inserted face to
face in a Swagelok cell to fabricate a lithium-ion battery. It should be noted that a fiberglass
separator soaked in PYR14-TFSI and Li-TFSI solution was nevertheless inserted to
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promote a good wetting contact between the two-solid electrolyte ionogel surfaces, thereby
categorizing that work as a QSSLB. Another example of 3D-printed QSSLB was also
proposed by Liangbing Hu’s group.94 In Hu’s work, a flexible all-fiber QSSLB battery was
fabricated by DIW method and demonstrated a technique to prepare fiber-shape LFP
cathode and LTO anode by 3D printing, as shown in Figure 2.5(c). Interesting, the authors
took a unique method to prepare a gel-polymer electrolyte. PVDF-co-HFP soaked with 1M
LiPF6 in EC/DEC as gel electrolyte was successfully coated onto the surface of the fiber
electrode, enabling a highly integrated all-fiber QSSLB. Both aforementioned works
demonstrated fast capacity decay after several cycles and short cycling time: lower than 50
cycles, which is likely mainly due to the low porosity of the polymer electrolyte, although
liquid electrolytes were added.
Uniform and controlled porosity in battery membranes is a critical parameter for high rate
capability, long term cycling performance, and dendrite suppression. Therefore, it is
necessary to print a high porosity separator/polymer electrolyte to facilitate the Li+/etransport and apply in QSSLB design. Aaron J. et al reported a controlled, printed porosity
electrolyte via a dry phase inversion method in QSSLBs.
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The reported electrolyte

demonstrated electrochemical performance on par with commercial separator films at high
rate of 5C and maintained a stable cycle performance over 100 cycles at rate of 0.2 C, as
shown in Figure 2.5(d) and Figure 2.5(e). A key advantage of Aaron’s work is that
sequential printing gave rise to a tight and continuous interface between both printed layers,
which is beneficial for discharge voltage stability in a flexible energy storage device under
mechanical abuse.
Another good way to design a seamless electrode/electrolyte interface in solid-state
batteries is through the aerosol jet printing technique, which was first demonstrated by the
formulation of aerosol jet printable solid polymer composite electrolyte inks. 95 The printed
solid-state electrolyte of polyethylene oxide/lithium-difluoro(oxalate) borate/Al2O3
(PEO/LiDFOB/Al2O3) layer was reported to be smooth, conformal, and conductive enough
to be cycled at 45oC. Also, a discharge capacity of 162 mAh g-1 was achieved for the solidstate battery due to the low resistance electrode/electrolyte interface formation by this
printing method. However, the safety concerns by operating at high temperatures have
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limited the application of this system. Hence, realizing solid-state batteries at room
temperature is necessary. Recently, a planar flexible full-solid-state lithium-ion battery
(FSLB) architecture and layer by layer stencil printing assembly method for fabricating
batteries on polyethylene terephthalate (PET) substrate was reported by Z. Zhao et al
(Figure 2.5(f)).96 In Zhao’s work, a quasi-solid-state electrolyte with higher ionic
conductivity of 2.5× 10-3 S·cm-1 at room temperature was achieved. The FSLB assembled
with LTO anode and LFP cathode with PEO electrolyte was successfully assembled and
demonstrated an excellent mechanical flexibility bending radius: under 10 mm was
achieved. While 3D-printing technique applied in batteries have attracted increasing
attention in next generation batteries, there are still some challenges that remain within
printing solid-state electrolytes. Additional processing steps are usually needed for
electrolyte fabrication, such as solvent evaporation, which hampers the practical
application of the printed battery.97 An elevated temperature DIW method was shown to
fabricate hybrid solid-state electrolytes without any additional processing steps by M.
Cheng et al.37 As shown in Figure 2.5(g), the hybrid electrolyte ink consisted of the solid
polymer matrix and liquid electrolyte which was directly printed onto electrolyte without
the need for any surface treatment of the substrate and post processing of the electrolyte.
Benefiting from the rational design of the electrolyte and electrolyte, the 3D-printed
electrolyte presented lower interfacial resistance compared with the conventional method
of casting electrolyte onto an electrode. As a result, as shown in Figure 2.5(h), the batteries
assembled with printed electrolytes demonstrated a good charge/discharge values and rate
performance. This direct fabrication of electrolyte from printed inks at an elevated
temperature will open a new insight on the design of 3D-printed solid-state batteries for
next-generation electronic devices.
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2.4.1.2

Li-S/Se batteries

Figure 2.6 (a) Schematic of printed bipolar ASSLBs directly fabricated through UV
curing-assisted stepwise printing process. (b) Schematic representation depicting the
fabrication procedure of the printed bipolar ASSLSBs, along with an SEM image (inseries configuration). (c) Charge/discharge profiles at the 1st cycle and (d) cycling
performance of the printed bipolar ASSLSBs (2 cells connected) at a current density of
0.1C. (e)
Despite of the wide application of 3D printing in QSSLBs, solid-state lithium sulfur
batteries (SSLSBs) are not yet practical to fabricate via this method. Due to the high
theoretical capacity (1672 mAh g-1), low cost, and the nature abundance of sulfur, lithium
sulfur (Li-S) batteries have been considered a promising candidate system to overtake LIBs
commercially.6, 53 However, there are still some challenges, such as the low electronic
conductivity of sulfur, polysulfide shuttle effect, and low operating voltage, that remain to
be solved.98, 99 Also the liquid electrolyte of Li-S batteries is a serious threat to cell safety.100,
101

Recently, a work demonstrated a new way to fabricate bipolar SSLSBs that are safe,

flexible, and aesthetic.23 Figure 2.6(a) illustrates the stepwise fabrication procedure for the
UV curing-assisted, printed bipolar SSLSBs, where two gel-electrolyte based on ethyl
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methyl sulfone (EMS) and tetraethylene glycol dimethyl ether (TEGDME) were used to
address grain boundary resistance of conventional inorganic solid electrolyte as well the
polysulfide shuttle effect in SSLSBs. Moreover, the bipolar SSLSBs featured an in-series
connection and in-plane connection, as illustrated in Figure 2.6(b) upper and bottom,
respectively. The SEM images of the printed bipolar SSLSB further demonstrated that unit
cells were connected in-series without delamination and cracks. Both reported cells
delivered normal charge/discharge behavior in the first cycle (Figure 2.6c). These cells
also showed a similar cycling performance at a current density of 0.1C, as shown in Figure
2.6(d). This is the first reported work to study bipolar SSLSBs with both in-series and inplane configuration. Nevertheless, the bipolar cells in the reported work just run 50 cycles
with discharge capacities around 850 mAh g-1, which is lower than other SSLSBs reported
at the same current density.102 Moreover, the sulfur loading in this work is just 0.5 mg cm2

, which cannot meet the requirement of high energy density SSLSBs.103 Therefore, high

mass loading electrode with good cycling performance is necessary for solid-state batteries.
Quasi-solid-state lithium selenium batteries (QSSLSEBs) has attracted more and more
attention due to the higher electronic conductivity of 1×10-5 S m-1 than that of sulfur
element, and comparable volumetric capacity to Li-S batteries (3253 mA h cm-3 vs. 3467
mA h cm-3), and shuttle-free during charging/discharging.104,

105

However, both poor

lithium ion migration in thick Se electrodes and Li dendrite growth hamper the current
density as well as Se mass loading, resulting in low energy/power density. Our group
recently proposed an ultra-high-energy/power density QSSLSEBs by employing 3Dprinted carbon nanotube (CNT) interlayers with high Se loading cathode. 106 As illustrated
in Figure 2.6f, from a mechanism standpoint, 1) Li dendrite growth was suppressed by 3Dprinted CNT interlayers; 2) the combination of electrode and polymer electrolyte reduced
the interfacial resistance; and 3) the 3D-printed Se cathode with polymer infusion
facilitated Li ion transport. Accordingly, the QSSLSEBs delivered excellent cycling
stability and remarkable rate performance (Figure 2.6f, Figure 2.6h).
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2.4.2
2.4.2.1

3D-printed solid-state Batteries
Oxide-based solid-state electrolyte

Figure 2.7 (a) Schematic illustration of the process to 3D-print solid electrolyte structures.
(b) The fabrication process of flexible composite electrolyte. Styrene-butadiene copolymer
(SBC) ink was printed to bind the neighboring c-LLZO chips together. (c) EIS profile of
the printed electrolyte at room temperature. (d) Schematic illustration of the templating
procedure used for the synthesis of structured hybrid electrolytes with a cube
microarchitecture example. (e) Nyquist plots of symmetric cell by employing a LAGP
pellet, a gyroid LAGP-PP and a gyroid LAGP-epoxy electrolyte. (f) Schematic of the
flexible/shape-versatile bipolar cells prepared via the UV-assisted multistage printing
process. (g) The charge/discharge profiles of the bipolar cells connected in series as a
function of cell number (1 to 3). (h) Comparison of the charge/discharge profiles of the
bipolar cells. (in-series vs. In-plane).
Oxide-based solid-state electrolytes are also very popular materials for batteries due to their
high mechanical strength, high chemical stability, large specific surface area, as well as
excellent electrical and thermal properties, such as garnet-type Li7La3Zr2O12 (LLZO).107,
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However, one bottleneck is the poor contact between electrolyte and electrode, thereby

leading to low interfacial resistance. Recently, Dennis W. et al reported a technique to
decrease full cell resistance by using 3D printing to optimize the electrolyte structure.21 In
this case, LLZO solid electrolyte ink was printed and sintered, revealing thin, nonplanar,
and intricate architectures. After processing, the part was ready for electrode infiltration to
complete battery assembly, as shown in Figure 2.7a. A symmetric cell of Li|3D-printed
LLZO|Li was employed to demonstrate the efficacy of this printed electrolyte. The printed
electrolyte demonstrated the ability to suppress lithium dendrite and further improve the
full cell energy/power density. However, the reported design of flat pellets, without any
additive material, presents poor flexibility in the electrolyte, which greatly restricts their
scalability and potential for use in flexible electronic devices. Polymer electrolytes play an
important role in this system due to the capability of binder and separator membrane. SangYoung Lee’s group proposed a new class of printable solid-state batteries where the UVcured (ETPTA) polymer and high boiling point electrolyte, played a key role in achieving
the printing process.30 A flexible electrolyte membrane based Li6.75La3Zr1.75Ta0.25O12
(LLZTO) garnet-electrolyte,joined together without gaps by styrene-butadiene copolymer
(SBC) and 3D printed, was recently reported by Liangbing Hu’s group (Figure 2.7b).109
The LLZTO garnet chips functioned as fast lithium-ion transport channels while the SBC
grid served as a deformable buffer to decrease the stress transferred to the chips. As a result,
no ion-diffusion-limited process (Warburg impedance) was seen in Figure 2.7c due to
deposited Li metal on both sides of the composite electrolyte. This tile-and grout designed
electrolyte composite membrane possessed high flexibility and could be readily bent into
a small radius without cracking. Such a design presents a new insight for future printed
flexible solid-state electrolytes.

2.4.2.2

Hybrid solid-state electrolyte

Benefiting from the combination of garnet-based electrolyte and polymer electrolytes,
another class of electrolytes are the hybrid electrolyte. A 3D bicontinuous ceramic solidstate electrolyte, Li1.4Al0.4Ge1.6(PO4)3 (LAGP), and non-conducting polymer (epoxy
polymer, polypropylene) micro channeled electrolyte was printed as reported by Peter G.
Bruce’s group.110 As illustrated in Figure 2.7d, the LAGP ceramic channels provided
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continuous, uninterrupted pathways, possessing high ionic conductivity between electrodes,
while the polymer channels increased the mechanical properties from that of ceramic alone.
The best ionic conductivity of 1.6×10-4 S cm-1 at room temperature was shown by the
gyroid LAGP-epoxy electrolyte polymer in Figure 2.7e. Therefore, optimizing the
mechanical and electrical properties of solid-state electrolytes can mitigate the lithium
metal/solid-state electrolyte interface. However, the aforementioned work did not
demonstrate the benefit of a hybrid electrolyte at the cathode. Therefore, to enable the
seamless architecture/electrical connection, a fabrication of printed solid-state bipolar
lithium-ion battery through an in-series printing process was proposed by Sang-Young
Lee’s group.31 In that work, the LTO anode paste was printed on the top of the Al metal
electrode of the crystalline Si photovoltaics (c-Si PV) module by stencil printing, and then
exposed to ultraviolet (UV) irradiation for a short time of less than 30s. The solid-state
electrolyte based ETPTA/1M LiPF6 in EC/PC/Al2O3 nanoparticles, with a weight ratio of
7.5/42.5/50, was then printed on the top of the LTO anode using the same method that
enabled the formation of a thin layer electrolyte on the LTO anode. The LCO cathode was
then printed directly on the electrolyte/LTO unit and exposed to UV irradiation. Meanwhile,
another identical battery was introduced on the top of as-fabricated battery unit cell via the
same printing process, resulting in the fabrication of a bipolar stacked lithium-ion cell. This
rational design can be beneficial for solving the issues of interfacial contact resistance.
Lee’s group also proposed a new class of flexible/shape-versatile bipolar SSLBs with a
LCO cathode, gel-polymer electrolyte, and LTO anode using UV curing-assisted
multistage printing technique. 22 As shown in Figure 2.7f, two different batteries based inseries printing and in-plane printing were fabricated. For cells with an in-series
configuration as a function of cell number from 1 to 3, the charge/discharge profiles are
shown in Figure 2.7g. As the cell number increased, the working voltages elevated from
2.4V (mono cell) to 5.4V (two cells) to 7.2V (three cells). The charge/discharge profiles of
using two mono cells connected in-series or in-plane are demonstrated in Figure 2.7h,
showing normal charge/discharge behavior and good coulombic efficiency (~98%). Also,
there was no reported obvious difference in the profiles, which suggested the versatility
and effectiveness of the printing process with UV-assisted technique in the work. Such a
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technique for bipolar cell fabrication holds great promise for development of next
generation solid-state batteries.

2.5 Conclusion and Perspective
In summary, we have reviewed the applications of printing techniques in batteries from
liquid- to solid-state batteries. For the liquid-state battery systems, the cathode, anode, and
micro-battery designs fabricated via 3D printing are discussed. Analysis of 3D printing’s
role in improving electrochemical performance is provided. Thick cathodes with high mass
loading are also highlighted and reviewed in this paper. In addition, the lithium metal anode
based 3D printing progress and techniques to suppress lithium dendrite growth, such as
such as building 3D host and melting lithium metal to obtain a 3D lithium anode to further
guide lithium deposition, have also been discussed in this review . More importantly, we
discuss the wide application of 3D printing for enabling tunable design of devices, like
micro-batteries or design of high energy density battery, etc. In later sections we discuss
and review solid-state batteries-based 3D printing methods, featuring systems such as
printing oxide-based electrolytes, polymer electrolytes, and hybrid solid electrolytes.
Based on design principles, ionic conductivity and air stability of the solid electrolytes are
directly chosen as two important parameters for improvement through 3D printing.
Moreover, we discuss 3D printing’s viable application to address the critical interfacial
resistance of electrode and electrolyte in SSLBs. Due to the ability for 3D printing to create
seamless electrode/electrolyte interface design, there is great application for 3D printing
SSLBs. Finally, we discuss recent advances and progress in the areas of different
electrolytes, battery systems, and share some important insights.
Although much progress has been made in manufacturing batteries using 3D-printing, there
are still numerous challenges that must be addressed before they are widely used
commercially. There are three future efforts that must be made for us to further the
development of 3D printing for battery related application.
One challenge includes the fact that currently, the precision of printers is not high enough
for batteries. The available printers are usually accurate to the micro level and cannot be
precisely controlled at the nanoscale, which could enable control of Li+/e- migration. The
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design of holes at nanoscale is an accepted way for researchers to improve batteries. For
example, freeze-drying and phase inversion are employed to formation the nano-scale
holes. However, they are not fully controllable processes. Therefore, the design of highresolution printers can be one of the most important efforts that will improve the
application of 3D printing for battery fabrication.
Also, most of the current research regarding batteries focuses on high mass of electrodes
and thin SSEs to achieve the goal of high energy/energy density batteries. Recently,
extensive works regarding thick electrodes with high mass loading have been studied.
Typical works include the design of thick LFP cathode for LIBs, sulfur cathode for Li-S
batteries, and Se cathode for solid-state Li-Se batteries.[31, 48, 70] Moreover, 3D structure of
hybrid SSEs with high ionic conductivity and less interfacial resistance are also applied in
SSLBs.[12c, 12d] However, the two parts together have rarely been investigated, especially
by3D printing fabrication. More efforts can be considered to design and develop thick
electrode while combining thin SSEs to realize this goal. We can envision that together;
such a design will open new opportunities in terms of high energy/energy density and lowcost batteries for broad applications.
Finally, utilization of 3D-printed lithium or alloy metal to guide lithium deposition and
address fundamental challenges can bring new functionalities to lithium metal batteries and
will be a new research area in the future. For example, the typical design of 3D structured
lithium anodes employ 3D printing methods to form 3D hosts, progressing towards the
goal of lithium dendrite-free and high performance lithium symmetric cells.[42, 74] Despite
the efforts to explore 3D lithium metal for lithium metal batteries, the complexity of the
experimental process and unity of the printing feed material are the main factors limiting
the development of high-performance lithium metal batteries. This could be addressed by
the development of 3D printing lithium metal or alloy metals. However, the design of these
future lithium metal batteries via 3D printing will require key features such as good
viscoelasticity, high-precision printing with nano-scale control, and good stability at high
temperatures. Additive materials with cohesive ability and stability against lithium, such
as carbon inks containing CNTs or carbon blacks, incorporated into melted lithium metal
or alloy feed materials as reinforcement, might be a good starting block to realize 3D
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printed lithium metal or alloy metal. We can envision that by 3D printing, there can be
many new insights discovered in 3D lithium anode design.
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Chapter 3
Experimental Apparatus and Characterization
Techniques
In this chapter, the materials synthesis, as well as the working principles of various physical
and electrochemical characterization techniques are stated here.

3.1 Experimental apparatus
3.1.1

3D printer for fabrication of high S-loading and Se-loading
cathode

Figure 3.1 Fused Filament Fabrication (FFF) Delta 3D printer motorized by stepper motors
(CNC4PC, CS4EA4-1Rev1).
The high S-loading and high Se-loading cathodes in this thesis were fabricated using a
custom-made 3D printer (FFF Delta 3D printer) motorized by stepper motors, as shown in
Figure 3.1. First step is the ink preparation, S/BP 200 or Se/C composites, binder, and
carbon black were mixed at a certain weight ratio. Then the ink was loaded into a 3-mL
syringe and extruded through a nozzle. Subsequently, printing process, the prepared ink
was printed into any designed structure, such as line structure, grid structure with an overall
diameter of 10 mm at a print motion speed of 6 mm s-1. While the different cathode with
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active different material loading was controlled by adjusting the stacking numbers, 1 layer,
two layers, and three layers, etc. Finally, drying process, the printed high S-loading or Seloading were dried using different method for comparison, such as free drying method,
vacuum oven drying.

3.1.2

Fisna 4200N printer

Figure 3.2 Fisna 4200N 3D printer connecting computer
The vertically aligned Li and vertically aligned LFP were fabricated in this thesis by using
the Fisna 4200N 3D printer, as shown in Figure 3.2. The printed CNT@ZnO composites
and sodium alginate were mixed with a weight ratio with additional DI water to prepare
the printing ink. The ink was loaded into a 3-mL syringe and extruded through a 400-μmdiameter nozzle. And then it was printed into a dense structure with an overall diameter of
10 mm at a print motion speed of 6 mm s-1 with a pressure of 70 dpi. Finally, the 3D-printed
host were dried using freeze-drying method, and the vertically aligned host was
successfully fabricated.
For the fabrication of vertically aligned LFP cathode, 3D printing method combining with
freeze drying was performed. The prepared slurry was loaded into a 3-mL syringe and
extruded through a nozzle. And then also printed into a dense structure with an overall
diameter of 10 mm at a print motion speed of 8 mm s-1 to further obtain a vertically aligned
cathode. After freeze drying, a vertically aligned LFP cathode was obtained.
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3.1.3

Freeze dryer

Figure 3.3 Freeze dryer
Freeze dryer was using in this thesis to achieve porous structure by combining 3D
printing method as shown in Figure 3.3. Freeze drying works by freezing the material,
then reducing the pressure and adding heat to allow the frozen water in the material to
change directly to a vapor.

3.1.4

Atomic layer deposition for ZnO coating on CNTs

Figure 3.4 The Gemstar-8 ALD system connected with glove box (Arradiance, USA)
Atomic layer deposition (ALD) for carbon nanotube (CNT) were coated with a conformal
layer of ZnO (CNT) was carried out in a Gemstar-8 ALD system (Arradiance, USA) with
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diethyl zinc (DEZn) and DI water as precursors. The ALD machine is directly connected
to an argon-filed glove box, as shown in Figure 3.4. After 200 cycles with ~15ms pulse
time for DEZn and DI water and 60s waiting between each pulse, CNT showed yellow and
became lithiophilic. In this thesis, the CNT coated ZnO powder is a percussor for the
fabrication of vertically aligned Li anode.

3.1.5

Thermal infusion of vertically aligned Li anode

After CNT coated ZnO was printed into vertically aligned host after freeze drying, it was
cut into 3/8-inch disks and transferred into an Ar-filled glove box with less than 0.1 ppm
water and 0.1 ppm O2. Thermal infusion of Li melting was carried out inside the glove box.
Bulk Li (from Aldrich) was cut into smaller pieces and placed in a stainless-steel boat and
heated on a hot plate until Li began to melt. The prepared disk was then placed into the
molten Li to obtain the vertically aligned Li anode.

3.2 Characterizations techniques
The physical and chemical properties of the different Li electrodes, such as morphology,
structure, components, surface area, et al. have been determined via varies of analytical
techniques, such as scanning electron microscope (SEM), X-ray diffraction (XRD),
Thermogravimetric Analysis (TGA) etc. To investigate the electrochemical properties of
as-prepared Li electrode, galvanostatic cycling performance with different current densities,
and electrochemical impedance spectroscopy (EIS) were conducted with assembled
symmetrical cells.

3.2.1

Physical characterizations

The morphologies of the materials were characterized by a Hitachi S-4800 SEM equipped
with energy dispersive spectroscopy (EDS), as shown in Figure 3.5. The SEM utilizes a
beam of focused electrons as an electron probe that is scanned across the surface of a
specimen. The beam’s interactions with the sample results in the emission of electrons and
photons as the electrons penetrate the surface. The emitted particles are collected using an
appropriate detector to yield information about the sample surface. In this thesis, the SEM
was operated at an acceleration voltage of 5KV to observe the sample morphologies.
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Figure 3.5 The Hitachi S-4800 scanning electron microscopy
XRD is a powerful non-destructive technique to identify the structure of materials,
especially crystalline ones. XRD peaks are produced by constructive interference of a
monochromatic beam of X-rays scattered at specific angles from each set of lattice planes
in a sample. The peak intensities are determined by the atomic positions within the lattice
planes. Consequently, the XRD pattern is the fingerprint of periodic atomic arrangements
in each material. In this thesis, the XRD patterns of the samples were collected on a Bruker
D8 Advanced diffractometer using Cu Kα radiation at 40 kV and 40 mA, the digital photo
of the XRD equipment is shown in Figure 3.6. Forair-sensitive samples, a special leaktight XRD sample holder was employed to prevent the exposure of air during sample
testing.
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Figure 3.6 The Bruker D8 Advance Diffractometer XRD system.
Raman spectroscopy is a technique to understand the vibration of chemical bonds through
detecting the inelastic scattering of incident monochromatic light. The interaction of the
incident light and the molecular vibrations results in light energy shifts and provides
fingerprint information of the molecules. In this thesis, the Raman spectra were collected
on a HORIBA Scientific LabRAM Raman spectrometer equipped with a 532.03 nm laser,
the digital photo of the Raman spectrometer is shown in Figure 3.7.

Figure 3.7 Digital photo of HORIBA Scientific LabRAM HR Raman spectrometer system.
Thermogravimetric analysis (TGA) measures weight changes in a material as a function of
temperature (or time) under a controlled atmosphere. Its principle uses include
measurement of a material’s thermal stability, filler content in polymers, moisture and
solvent content, and the percent composition of components in a compound. In this thesis,
the sulfur content was confirmed by TGA method, as shown in Figure 3.8.

Figure 3.8 Thermogravimetric Analysis (TGA)
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3.2.2

Electrochemical characterizations

Figure 3.9 Land 2001A Battery Test System.
Electrochemical analysis was performance in CR2032 coin-type cells. The coin cells were
assembled in an ultra-pure argon filled glove box with a symmetrical Li/Electrolyte
Separator/Li system using polypropylene separator (Celgard 2400). Different electrolytes
have been applied in different studies, which will be discuss in detail in the different
sections.
The stripping/plating studies were carried out on a Land 2001A Battery Test System
(Figure 3.9) at room temperature or 60 ℃ for solid-state batteries. A constant current was
applied to the electrodes during repeated stripping/plating while the potential was recorded
over time in the symmetric cell testing. Electrochemical impedance spectroscopy (EIS)
was also performed on the versatile multichannel potentiostat 3/Z (VMP3)

56

Chapter 4
Toward a Remarkable Li-S Battery via 3D Printing*
We demonstrate the successful application of 3D printing (additive manufacturing) to
construct high energy density and power density sulfur/carbon cathodes for Li-S batteries.
A self-standing 3D-printed sulfur/carbon cathode with high sulfur loading based on a lowcost commercial carbon black was fabricated via a facile robocasting 3D printing process.
The 3D-printed sulfur/carbon cathode shows excellent electrochemical performance in
terms of capacity, cycling stability, and rate retention by facilitating Li+/e- transport at the
macro-, micro-, and nano-scale in Li-S batteries. Meanwhile, the areal loading of the
sulfur/carbon cathode can be easily controlled by the number of stacking layers during 3D
printing process. The Li-S batteries assembled with the 3D-printed sulfur/carbon cathodes
with a sulfur-loading of 3 mg cm-2 deliver a stable capacity of 564 mA h g-1 within 200
cycles at 3 C. Moreover, cathodes with a sulfur-loading of 5.5 mg cm-2 show large initial
specific discharge capacities of 1009 mA h g-1 and 912 mA h g-1, and high capacity
retentions of 87% and 85% after 200 cycles at rates as high as 1 C and 2 C (equaling to
high areal current densities of 9.2 mA cm-2 and 18.4 mA cm-2), respectively.

*A version of this chapter has been published in Nano Energy, 2019, 56, 595-603
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4.1 Introduction
Fabrication of high-performance electrodes plays an important role in improving the
electrochemical performance of energy storage devices such as Li-S,1, 2 Li-O2,3 and Li-ion
batteries,4-6 as well as supercapacitors.7-10 The widely used blade-casting method is
restricted to 2D patterned electrodes, thus hindering active material loading and
electrochemical performance due to limited ion and electron transport routes.11 In contrast
3D-printing has recently received increasing attention for its application in the field of
battery research for the controlled design of electrodes12 and electrolytes13 from the
nanoscale to the macroscale. By precisely controlling electrode geometry and structure,
3D printed electrodes can improve ion/electron transport. Moreover, the thickness and
active material loading can be easily controlled by adjusting the number of printed
electrode layers.14, 15 In other words, 3D-printing is a powerful technique that is capable of
fabricating electrodes with high active material loading and improved ion/electron
conductivity, and is thereby a promising method to improve the energy and power density
of energy storage systems.
3D-printing technology has found wide applications in the fabrication of electrodes for
various energy storage systems such as Li-ion batteries (LIBs) 16, 17, Zn-O2,18 Li-O2 and LiS batteries19, 20. In 2013, a 3D-printed Li-ion battery using Li4Ti5O12 (LTO) as the anode
and LiFePO4 (LFP) as the cathode was fabricated by Dillon’s and Lewis’s groups. Due to
its high active material loading and excellent capacity output, the micro-battery delivered
high areal capacities of 4.45 mA h cm-2 at 0.14 mA cm-2 (equaling to a volumetric capacity
of 17.3 Ah L-1), while corresponding full cells delivered 14.5 mA h cm-2 at 0.2 mA cm-2
(corresponding to an energy density of 20 mW h cm-2 at a power density of 1 mW cm-2).
More recently, a 3D printed sulfur copolymer-graphene electrode has been fabricated based
on an ink composed of sulfur particles, 1,3‐diisopropenylbenzene (DIB), and condensed
graphene oxide.20 The 3D printing process was carried out through an extrusion-based 3D
printing approach and was successfully implemented as a free-standing cathode for Li-S
batteries with a grid structure. This previous study demonstrated the benefit of the
application of 3D printing in the fabrication of thick sulfur cathodes, where a thickness of
600 μm was easily realized by stacking 6 printed layers. However, limited by the low
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electronic conductivity of the sulfur copolymer, this reported Li-S battery based on the 3D
printed sulfur-polymer cathode delivered a relatively low initial capacity of 812.8 mA h g1

and exhibited a low capacity retention of 43.4% within 50 cycles at 50 mA g-1. In addition,

the rate performance was also insufficient, exhibiting a capacity of 186 mA h g-1 at 800
mA g-1 (0.5 C). Accordingly, both the cycling stability and C-rate performance are not yet
competitive compared to the recently reported high sulfur loading Li-S batteries using
traditional fabrication methods.21-25 Therefore, further optimization of the 3D printing
process is still in necessary to improve electrode architecture to ensure high electronic and
ionic conductivity, while preferably using low cost and scalable materials. These properties
will be imperative in the development of 3D-printed Li-S batteries with superior
electrochemical performance (e.g. sulfur utilization, C-rate performance and cycling
stability).
Herein, we demonstrate the use of 3D printing (additive manufacturing) to construct a selfstanding high areal energy density cathode for Li-S battery based on a sulfur/carbon
composite, which demonstrates superior electrochemical performance. A low-cost
commercial carbon black (BP-2000) containing abundant micro-pores is chosen as the host
material for sulfur to fabricate the sulfur/carbon (S/C) cathode. The ink for 3D printing is
composed of the S/C active material, acetylene black (AB) and commercial carbon
nanotubes (CNTs) as the conductive additives, and polyvinylidene fluoride-hexafluoro
propylene (PVDF-HFP) as the binder dissolved in 1-methyl-2-pyrrolidinone (NMP). The
porosity and conductivity of the electrode structure is further optimized from the
macroscale to the nanoscale by (1) 3D-printing a porous structure with macro-sized pores
(several hundred micrometers), (2) phase inversion of the polymeric binder to produce
pores between several micrometers to nanometers in size, and (3) selecting materials with
a microporous structure (less than 2 nm). Moreover, two critical post-treatment steps after
3D printing involve phase inversion and freeze drying to significantly elevate the
electrochemical performance of the final 3D printed S/C electrode with hierarchical porous
structure enabling facile electronic and ionic transportation. As a result, a superior Li-S
battery containing high sulfur loading S/C cathodes with excellent C-rate performance and
cycling stability are realized via 3D printing. The Li-S batteries assembled with
approximately 3 mg cm-2 sulfur-loaded 3D printed-freeze dried electrode (referred to as
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3DP-FDE) delivers a stable capacity of 564 mA h g-1 within 200 cycles at 3 C. The 5.5 mg
cm-2 sulfur-loaded 3DP-FDE, show high initial discharge specific capacities of 1009 mA
h g-1 and 912 mA h g-1, and capacity retentions of 87% and 85% within 200 cycles at high
C-rates of 1 C and 2 C, respectively.

4.2 Experimental Section
Synthesis of S/BP-2000 composite: 1200 mg of sulfur powder (99.5 %, Sigma-Aldrich)
was mixed with conductive carbon (Cabot BP-2000) with a weight ratio of 6:4, then ground
with mortar and pestle for 0.5 h. The mixture was then transferred to a sealed steel reactor
and was heated at 155 ℃ for 8 h followed by 300 ℃ for 4 h. After cooling to room
temperature, the final S/BP-2000 composite with a sulfur content of 60 wt. % was obtained.
Preparation of 3DP-FED and 3DP-ODE: 3D-printed S/BP-2000 cathode was fabricated
using a custom-made 3D printer equipped with a 3-axis micro positioning stage (FFF Delta
3D printer) motorized by stepper motors (CNC4PC, CS4EA4-1Rev1). The printing process
is as follows: S/BP-2000 composite, PVDF-HFP, carbon nanotubes (CNTs, diameter of
40~60 nm, length of 2 μm), and acetylene black with a weight ratio of 7:2:0.5:0.5 were
first mixed with 1-methyl-2-pyrrolidinone (NMP) to form an ink. The as-prepared ink was
then loaded into a 3 mL syringe and extruded through a 150 μm diameter nozzle. The 3Dprinted S/BP-2000 cathodes were printed with a diameter of 10 mm at a print motion speed
of 6 mm s-1. The printed electrode use two different treatments for comparison: 1) firstly,
printed electrode were immediately immersed in a water (100 mL) coagulation bath for 5
min. It is noted that it was phase inversion during this process. Specially, the polymer
skeleton and hierarchical pores could act as the binder network and facilitate fast ion
transport in electrodes by ion exchange between NMP and water. After that took out it, it
is obvious that the printed electrode brighter than before phase inversion. Finally, freezedried at -50 ℃ to obtain 3DP-FDE. 2) for the 3DE-ODE, put printed electrode in oven at
60 ℃ for 18 h.
Synthesis of CP@NCNT: N-doped carbon nanotubes were synthesized by a spray
pyrolysis chemical vapor deposition (SPCVD) method based on previous reports.26 ALD
coatings were conducted on carbon paper (CP) in a Gemstar-8 ALD system (Arradiance,
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USA). Al2O3 was deposited on the CP at 120 °C by using trimethylaluminium (TMA) and
water (H2O) as precursors for 200 cycles. Then, the Al2O3 coated CP (2 × 8 cm-2) was
loaded into a vertical tube furnace that was ramped from room temperature to 856 °C under
200 mL min-1 Ar flow. A catalytic ferrocene solution (solvent: acetonitrile, concentration:
0.02 g mL-1) was subsequently introduced into the quartz tube at a flow rate of 0.1 mL min1

for 5 min under Ar atmosphere. Following this, imidazole solution was injected into the

quartz tube (solvent: acetonitrile, concentration: 0.2 g mL, flow rate: 0.1 mL min-1) to grow
NCNT bundles for 30 min. followed by cooling to room temperature. Typically, 30 minutes
of growth yielded NCNT bundles with a length of approximately 20~40 μm.
Characterization: The morphologies of the samples were characterized by a Hitachi S4800 field emission scanning electron microscope (FE-SEM). The sulfur content in the
S/BP 2000 composite was determined by a SDT Q600 thermogravimetric analyzer (TGA)
under a nitrogen atmosphere from room temperature to 600 °C with a heating rate of 10 °C
min-1. Raman (HORIBA Scientific LabRAM) spectra were recorded to evaluate the
graphitic degree of carbon materials.
Electrochemical Measurements: The electrochemical performance of the 3D-printed
S/BP 2000 cathodes were tested with CR2032 coin cells, constructed in an Ar-filled
glovebox. The cathode and Li anode were separated by a polypropylene membrane
(Celgard 2400). A CP@NCNT interlayer was used between the separator and the cathode.
The electrolyte used in this study was 1 M bis(trifluoromethylsulfonyl) imide (LiTFSI) in
1,2-dimethoxymethane (DME) /1, 3-dioxolane (DOL) (1:1 v/v) with 1 wt.% LiNO3
additive.
Electrochemical impedance spectroscopy (EIS) was tested at open-circuit with a frequency
range of 5.0×105 Hz to 1.0×10-2 Hz on a versatile multichannel potentiostation 3/Z (VMP3).
Cyclic voltammetry (CV) was performed on the same instrument and the data was collected
under a scanning rate of 0.1 mV s-1 between 1.8 V and 2.8 V. The charge-discharge tests
were carried out using a LAND CT-2001A system with voltages between 1.8 V to 2.8 V
at room temperature. Unless otherwise specified, the specific capacities reported in this
work were calculated based on sulfur and the voltages vs. Li+/Li.
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4.3 Results and Discussion
The 3D printing fabrication of the S/BP-2000 electrode is summarized in Figure 4.1; it
involves three main stages: (1) ink preparation, (2) 3D printing, and (3) post treatment
(phase inversion and freeze drying). The cathode ink is first prepared by dispersing the
S/BP 2000 composite with carbon nanotubes (CNTs) and acetylene black as conductive
additives in a PVDF-HFP solution with NMP as solvent. The ink is then transferred into a
syringe and printed in various patterns by a 3D printer. The as-printed electrode is finally
treated by phase inversion in H2O followed by further removal of the solvent in the ink via
a freeze-drying method to obtain a freestanding and flexible sulfur cathode.

Figure 4.1 Schematic illustration of the 3D-printing process for S/BP 2000 thick
cathodes (the diameter of printed grid electrode is 10 mm).
The 3D printed structure of the cathode is designed to improve Li+/e- transport and active
material loading. The as-prepared 3D printed freeze-dried electrode is fabricated by
extrusion into a well-controlled grid pattern at the macroscale, as shown in Figure 4.1.
Electrons can be transported along the extruded filament, which shortens the transport
distance and improves electronic conductivity, while the pores among the fibers are
beneficial for electrolyte accommodation and Li+ transport at the microscale. The Li+/etransport at the nanoscale is further improved by the continuous Li+ transport channels and
e- paths formed via phase inversion according to previous reports 11. It is important to note
that high sulfur loading cathodes are easily fabricated by increasing the number of printed
electrode layers, allowing for applications in high energy density Li-S batteries. Moreover,
3D-printing has also proved to be an efficient strategy to control the geometric and
architectural structure to meet the demand of different flexible devices.15

27

As shown in
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Figure S 4.1, different shapes, fill patterns, and even individual fibers can be successfully
printed.

Figure 4.2 Optical images S/BP 2000 cathodes before and after drying with different
methods.
To highlight the advantages of 3D-printing for the fabrication of high sulfur loading
cathodes, the widely used blade-casting method was chosen for comparison. As shown in
Figure 4.2a, the blade-casted slurry was uniformly coated on the surface of an Al foil.
Unfortunately, the high areal sulfur loading electrode cracked after drying in a vacuum
oven at 60 ℃ and delaminated from the current collector, thus damaging the electron
transport network and limiting the active material loading (Figure 4. 2d and 2g). In contrast,
the 3D-printed S/C electrode shows a clear grid structure before drying, which is coated on
a glass substrate (Figure 4. 2b-c). The structure of the printed electrodes is well maintained
after both oven drying at 60 ℃ (referred to as 3DP-ODE) and freeze-drying (referred to as

63

3DP-FDE), shown in Figure 4. 2e-f, revealing the merits of 3D-printing for the preparation
of high sulfur loading cathodes. It is noteworthy that the 3DP-ODE shrunk when dried in
a vacuum oven, mainly resulting from surface tension, which is detrimental to electrolyte
accommodation and Li+ transport. Freeze-drying is known to be an efficient strategy to
avoid the shrinking caused by surface tension by utilizing low temperature and high
vacuum conditions.28,

29

As shown in Figure 4. 2i, the 3DP-FDE shows no obvious

shrinkage during the freeze-drying process and the grid structure is well maintained. This
is beneficial for accommodating the electrolyte, improving the mechanical strength and
flexibility (Figure 4.2i), and likely facilitating the Li+ transport from the macroscale to the
nanoscale.

Figure 4.3 SEM images of 3DP-FDE. a-b) Top view of the electrode at different
magnifications. c-d) Cross-sectional view of one layer and four-layer thick 3D printed
cathodes, respectively. e-f) Continuous micro and nanopores of the 3DP-FDE. g-i)
Elemental mapping and EDX images of the 3DP-FDE.
The appearance and morphology of the 3DP-FDE is shown in Figure 4.3. The 3DP-FDE
is fabricated with a grid structure with a diameter of 150 µm composed of interwoven fibers
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that can facilitate electron transport, shown in Figure 4. 3a-b. It can also be observed that
the distance between two adjacent fibers is 150 μm, which results in uniformly distributed
square pores. Those pores can serve as Li+ transport channels as well as provide enough
space for electrolyte accommodation at the macroscale. From the cross-sectional view, as
shown in Figure 4. 3c, the thickness of a single printed layer of 3DP-FDE is 150 μm,
corresponding to a sulfur loading of 1.3~1.5 mg cm-2. When increased to four printed layers,
a 3DP-FDE with a thickness of 600 μm and sulfur loading of 5.5 mg cm-2 is obtained,
shown in Figure 4.3d. These results demonstrate the precision of a layer-by-layer
manufacturing process and indicate that a S/C electrode with a high sulfur loading of
around 5.5 mg cm-2 can be realized by 3D printing technology to meet the demand of high
energy density Li-S batteries.
The micro and nanopores form part of a homogenous “tri-continuous” phase structure
containing the polymeric binder and the S/C composite, shown in Figure 4. 3e-f.
According to previous reports,11 this “tri-continuous” phase behaves as a continuous binder
network with conductive electron paths and interconnected ion channels, which is
beneficial for increasing adhesive strength and facilitating electron/ion transport at the
nanoscale. On the contrary, as shown in Figure S4.2, due to electrode shrinkage caused by
surface tension, there are no obvious pores at the nanoscale exhibited in 3DP-ODE, which
is detrimental to electrolyte accommodation and Li+ transport. In this consideration, the
3DP-FDE shows excellent Li+/e- transport capability from the macroscale to the nanoscale,
which is beneficial to improve the C-rate performance of high sulfur loading cathodes,
enabling high energy density Li-S batteries with high power density. Additionally, the
micro-pores in BP-2000, nanoscale pores throughout the S/BP-2000 composite formed
during phase inversion, and macroscale pores fabricated by 3D-printing can anchor the
well-located polysulfides in the cathode, thus relieving the shuttling effect and improving
the cycling stability. 21, 30 The homogeneity of the electrode is further confirmed by EDX
and elemental mapping images, indicating that S, C, O and F are uniformly distributed
inside the 3DP-FDE (Figure 4.3g-i). Thermogravimetric analysis (TGA) reveals that the
sulfur content in S/BP 2000 composite is 60 wt.% as shown in Figure S4.3. Furthermore,
Raman analysis was carried out to investigate the carbon structure of 3DP-FDE (Figure
S4. 4). The Raman spectrum presents two characteristic peaks located at approximately
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1336.56 cm-1 and 1579.65 cm-1, which is related to the D and G bands of carbon,
respectively. The D-band represents sp3 C-C bonds (defect) and the G-band planar sp2 CC bonds. 31, 32
The cyclic voltammograms (CV) of 3DP-FDE and 3DP-ODE electrodes with sulfur
loadings of approximately 3 mg cm-2 are obtained at a scan rate of 0.1 mV s-1 between 1.8
V and 2.8 V. As shown in Figure S4.5a, Li-S CV profiles of typical oxidation and
reduction peaks are presented in the selected voltage window. For the 3DP-FDE electrode,
the first reduction peak at 2.34 V is mainly attributed to the reduction of S8 to long-chain
lithium polysulfides (Li2Sx, x ≥ 4). The second reduction peak at 2.00 V is caused by the
further reduction of long-chain lithium polysulfides to shorter polysulfides (Li2Sx, 1 < x <
4) and Li2S.33, 34 In addition, there are two oxidation peaks located at 2.34 V and 2.43 V,
corresponding to the two-step oxidation of lithium sulfide (Li2S) to sulfur. 35 However, for
the 3DP-ODE, the oxidation peaks shift to higher voltages (2.36 V and 2.47 V) and
reduction peaks shift to lower voltages (2.28 V and 1.96 V), as well as the area of this curve
is smaller than that of 3DP-FDE, demonstrating increased polarization. After the first cycle,
as shown in Figure S4.5b, all CV curves overlap with each other, suggesting suppressed
polysulfide shuttling and excellent cycling performance. Such large differences in the
electrochemical reaction kinetics can be attributed to the difference in Li+/e- conductivity
between the two drying methods, which is further verified by EIS measurements as shown
in Figure S4.5c and Figure S4.5d. These results suggest higher electrochemical activity
and faster Li+ diffusion36 and further highlights the increased active sites and improved Li+
transport channels at both the micro and nanoscale in the 3DP-FDE as a result of coupling
3D-printing and freeze drying techniques during electrode fabrication.
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Figure 4.4 Cycling performance of Li-S cell assembled with 3DP-FDE. a) C-rate
performance of Li-S cells assembled with a sulfur loading of 3 mg cm-2 at various C-rate
between 0.2 C to 3 C and b) charge/discharge profiles. c) Cycling performance of Li-S
cells assembled with 3DP-FDE with a sulfur loading of 3 mg cm-2 at 0.2 C and 3C. d)
Cycling performance of Li-S cells assembled with 3DP-FDE with a sulfur loading of 5.5
mg cm-2 at 0.1 C, 0.5 C, 1 C and 2 C.
The electrochemical performance of 3DP-FDE with high sulfur loadings of 3 mg cm-2 and
5.5 mg cm-2 are studied. The C-rate performance of the cells assembled with 3 mg cm-2
sulfur loaded 3DP-FDE at various C-rate from 0.2 C to 3 C is shown in Figure 4.4a. After
the irreversible capacity decay in the first few cycles at 0.2 C, a stable state is reached and
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reversible average discharge specific capacities of 1172 mA h g-1, 838 mA h g-1, 792 mA
h g-1, 667 mA h g-1, 534 mA h g-1 are delivered at 0.2 C, 0.5 C, 1 C, 2 C and 3 C, respectively.
When the C-rate is returned to 0.2 C, a specific discharge capacity of 917 mA h g -1 is
recovered, suggesting good reversibility of the 3DP-FDE. Figure 4.4b shows the
charge/discharge profiles between 1.8 V and 2.8 V where two stable plateaus can be
observed at all C-rates, suggesting a kinetically efficient process.30 The excellent C-rate
performance for such high sulfur loading cathodes is mainly attributed to the fast electron
transport network (shortened electron transport distance along printed fibers and excellent
electron conductive network throughout the continuous S/C phase) and fast Li+ transport
(the interconnected Li+ transport channels supplied by the 3D printed square pores and
continuous pore structures formed during phase inversion), which is meaningful to pave
the way for high energy density and high-power density Li-S batteries.
The long-term cycling stability of the cells assembled with 3 mg cm-2 3DP-FDE at 0.2 C
and 3 C is investigated. As shown in Figure 4.4c, the cells deliver high initial discharge
capacities of 1184 mA h g-1 and 940 mA h g-1, corresponding to high sulfur utilizations of
71% and 56%, respectively. After serious attenuation in the first few cycles, the cells
maintain reversible discharge specific capacities of 856 mA h g-1 and 812 mA h g-1 at the
10th cycle. Even after 200 cycles, capacities of 752 mA h g-1 and 564 mA h g-1 remain,
corresponding to 87.9% and 69.4% capacity retention (calculated based on the 10th cycle),
respectively. On the contrary, the 3DP-ODE delivers an initial discharge specific capacity
of 1093 mA h g-1 and rapidly decays to 106 mA h g-1 after 100 cycles at 0.2 C (Figure
S4.6).
Additionally, the cycling performance of 3DP-FDE with a sulfur loading of 5.5 mg cm-2 at
various C-rates of 0.1 C, 0.5 C, 1 C and 2 C are studied. As shown in Figure 4.4d, the cell
delivers a high initial specific capacity of 1188 mA h g-1 at 0.1 C and maintains 802.4 mA
h g-1 after 100 cycles, corresponding to a low capacity attenuation rate of 0.14% per cycle.
What’s more, the cells assembled with the 5.5 mg cm-2 3DP-FDE operated at higher Crates of 0.5 C, 1 C, 2 C, equaling to high areal current densities of 4.6 mA cm-2, 9.2 mA
cm-2 and 18.4 mA cm-2, still deliver high initial specific capacities of 1044 mA h g-1, 1009
mA h g-1 and 912 mA h g-1, respectively. After serious irreversible capacity decay in the
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first 10 cycles, stable capacities of 765 mA h g-1, 748 mA h g-1 and 722 mA h g-1 are retained.
After 200 cycles, the specific capacities are 626 mA h g-1, 606 mA h g-1 and 563 mA h g-1,
equaling to capacity retentions of 82%, 81% and 84%, demonstrating excellent cycling
stability of the 3DP-FDE with high sulfur loading. The Ragone plot shows that 3DP-FDE
compare favorably to values previously reported for other 3D printing electrode, including
those based lithium ion batteries (Future S4.7).

37, 38 16, 38, 39

Our 3DP-FDE delivers an

impressive areal capacity that exceeds the reported values of several other 3D printing
lithium ion batteries.

Figure 4.5 Schematic illustration of 3DP-FDE applied in Li-S batteries with excellent
Li+/e- transport in both micro- and nanoscale.
The excellent cycling stability of the 3DP-FDE with high sulfur loading can be attributed
to the optimized ionic and electronic conductivity of the cathode material, as the unique
advantage of the application of 3D printing fabrication technology, as summarized in
Figure 4. 5. The printed cathode shows an ideal macro-scale grid structure for Li+/etransport with increased surface area, facilitating the electrochemical reactions between the
surface of the cathode and electrolyte, which results in high sulfur utilization and high
discharge capacity output. In addition, the macropores of the grid structure, micropores in
BP-2000, and nanopores formed during phase inversion of the binder can anchor the welllocated polysulfides in the cathode, thus relieving the shuttling effect and improving the
cycling stability. These presented results are expected to open a new area for designing
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Li-S batteries with high energy and power density based on 3D printing technology, and
may shed light on the research and development of other energy storage devices including
Li-ion and Li-O2 batteries.

4.4 Conclusion
In summary, we developed a 3D-printed freeze-dried S/C composite electrode (3DP-FDE)
via a facile layer-by-layer manufacturing process based on low-cost commercial BP-2000
carbon material for high energy density and high-power-density Li-S batteries. The 3DPFDE is fabricated with well-controlled extruded fibers. The electrons can be transported
along the fibers, which shortens electron transport distance, while the microscale pores
among the fibers is beneficial for electrolyte accommodation and Li + transport in
microscale. The electrode structure is further optimized with phase inversion, where the
transport of Li+/e- at the nanoscale is further improved by the formation of a continuous
porous structure and interconnected S/BP 2000 composite phase. What’s more, the
micropores in BP 2000, nanoscale pores among S/BP 2000 composite formed during phase
inversion process, and microscale pores fabricated by 3D printing can anchor the welllocated polysulfides in the cathode, thus relieving the shuttling effect. By addressing Li+/etransport and suppressing polysulfide shuttling, excellent C-rate performance and cycling
stability of high sulfur loaded 3DP-FDE are exhibited. The Li-S batteries assembled with
3 mg cm-2 sulfur-loaded 3DP-FDE deliver a high capacity of 534 mA h g-1 at 3 C and high
stable and reversible discharge specific capacities of 752 mA h g-1 and 564 mA h g-1 are
retained after 200 cycles at C-rates of 0.2 C and 3 C. For the 5.5 mg cm-2 sulfur-loaded
3DP-FDE, they show high initial discharge specific capacities of 1009 mA h g-1 and 912
mA h g-1, and capacity retentions of 87% and 85% within 200 cycles at high C-rates of 1
C and 2 C (equaling to high areal current densities of 9.2 mA cm-2 and 18.4 mA cm-2),
respectively. Overall, this work offers a new strategy to fabricate high sulfur loading
cathodes and improve the electrochemical performance including cycling stability and rate
performance for advanced Li-S batteries, which could pave the way for the practical
application of high energy density and high-power-density Li-S batteries.

70

4.5 Acknowledgements
This research was supported by the Natural Science and Engineering Research Council of
Canada (NSERC), the Canada Research Chair Program (CRC), the Canada Foundation for
Innovation (CFI), and the University of Western Ontario (UWO). Xuejie Gao is supported
by the Chinese Scholarship Council.

4.6 Reference
1.

X. Ji, K. T. Lee and L. F. Nazar, Nature Materials, 2009, 8, 500-506.

2.

X. Yang, N. Yan, W. Zhou, H. Zhang, X. Li and H. Zhang, Journal of Materials
Chemistry A, 2015, 3, 15314-15323.

3.

P. G. Bruce, S. A. Freunberger, L. J. Hardwick and J.-M. Tarascon, Nature
Materials, 2012, 11, 19-29.

4.

X. Gao, J. Wang, D. Zhang, K. Adair, K. Feng, N. Sun, H. Zheng, H. Shao, J. Zhong,
Y. Ma, X. Sun and X. Sun, Journal of Materials Chemistry A, 2017, 5, 2562525631.

5.

X. Gao, J. Wang, D. Zhang, K. Nie, Y. Ma, J. Zhong and X. Sun, Journal of
Materials Chemistry A, 2017, 5, 5007-5012.

6.

Y. Zhang, Y. Zhong, Z. Wu, B. Wang, S. Liang and H. Wang, Angewandte Chemie
International Edition, 2020, 59, 7797-7802.

7.

B. Li, F. Dai, Q. Xiao, L. Yang, J. Shen, C. Zhang and M. Cai, Advanced Energy
Materials, 2016, DOI: 10.1002/aenm.201600802, 1600802.

8.

H. Wang, Z. Xu, Z. Li, K. Cui, J. Ding, A. Kohandehghan, X. Tan, B. Zahiri, B. C.
Olsen, C. M. Holt and D. Mitlin, Nano Letter, 2014, 14, 1987-1994.

9.

R. Yi, S. Chen, J. Song, M. L. Gordin, A. Manivannan and D. Wang, Advanced
Functional Materials, 2014, 24, 7433-7439.

71

10.

K.-H. Choi, J. Yoo, C. K. Lee and S.-Y. Lee, Energy Environment Science, 2016,
9, 2812-2821.

11.

X. Yang, Y. Chen, M. Wang, H. Zhang, X. Li and H. Zhang, Advanced Functional
Materials, 2016, 26, 8427-8434.

12.

H. Lin, W. Weng, J. Ren, L. Qiu, Z. Zhang, P. Chen, X. Chen, J. Deng, Y. Wang
and H. Peng, Advanced Materials, 2014, 26, 1217-1222.

13.

A. J. Blake, R. R. Kohlmeyer, J. O. Hardin, E. A. Carmona, B. Maruyama, J. D.
Berrigan, H. Huang and M. F. Durstock, Advanced Energy Materials, 2017, 7,
1602920.

14.

C. Zhu, T. Liu, F. Qian, W. Chen, S. Chandrasekaran, B. Yao, Y. Song, E. B. Duoss,
J. D. Kuntz, C. M. Spadaccini, M. A. Worsley and Y. Li, Nano Today, 2017, 15,
107-120.

15.

F. Zhang, M. Wei, V. V. Viswanathan, B. Swart, Y. Shao, G. Wu and C. Zhou,
Nano Energy, 2017, 40, 418-431.

16.

T. S. Wei, B. Y. Ahn, J. Grotto and J. A. Lewis, Advanced Materials, 2018, 30,
e1703027.

17.

Y. Wang, C. Chen, H. Xie, T. Gao, Y. Yao, G. Pastel, X. Han, Y. Li, J. Zhao, K. K.
Fu and L. Hu, Advanced Functional Materials, 2017, 27, 1703140.

18.

M. Hilder, B. Winther-Jensen and N. B. Clark, Journal of Power Sources, 2009,
194, 1135-1141.

19.

S. D. Lacey, D. J. Kirsch, Y. Li, J. T. Morgenstern, B. C. Zarket, Y. Yao, J. Dai, L.
Q. Garcia, B. Liu, T. Gao, S. Xu, S. R. Raghavan, J. W. Connell, Y. Lin and L. Hu,
Advanced Materials, 2018, 30, e1705651.

20.

K. Shen, H. Mei, B. Li, J. Ding and S. Yang, Advanced Energy Materials, 2018, 8,
1701527.

72

21.

X. Yang, H. Zhang, Y. Chen, Y. Yu, X. Li and H. Zhang, Nano Energy, 2017, 39,
418-428.

22.

Y. Liu, G. Li, J. Fu, Z. Chen and X. Peng, Angewandte Chemie, 2017, DOI:
10.1002/anie.201700686.

23.

J. Song, M. L. Gordin, T. Xu, S. Chen, Z. Yu, H. Sohn, J. Lu, Y. Ren, Y. Duan and
D. Wang, Angewandte Chemie, 2015, 54, 4325-4329.

24.

Y. Ma, H. Zhang, B. Wu, M. Wang, X. Li and H. Zhang, Scientific Reports, 2015,
5, 14949.

25.

J.-S. Kim, T. H. Hwang, B. G. Kim, J. Min and J. W. Choi, Advanced Functional
Materials, 2014, 24, 5359-5367.

26.

Y. Zhao, X. Yang, L. Y. Kuo, P. Kaghazchi, Q. Sun, J. Liang, B. Wang, A.
Lushington,

R.

Li,

H.

Zhang

and

X.

Sun,

Small,

2018,

DOI:

10.1002/smll.201703717, e1703717.
27.

F. B. Holness and A. D. Price, Smart Materials and Structures, 2018, 27, 015006.

28.

N. Dagalakis, J. Flinkt, P. Stasikelis, J. F. Burke and I. V. Yannas, Journal of
Biomedical Materials Research, 1980, 14 511-528.

29.

G. Ma, Z. Wen, Q. Wang, C. Shen, J. Jin and X. Wu, Journal of Materials
Chemistry A, 2014, 2, 19355-19359.

30.

R. Fang, S. Zhao, P. Hou, M. Cheng, S. Wang, H. M. Cheng, C. Liu and F. Li,
Advanced Materials, 2016, 28, 3374-3382.

31.

M. Agrawal, S. Choudhury, K. Gruber, F. Simon, D. Fischer, V. Albrecht, M.
Göbel, S. Koller, M. Stamm and L. Ionov, Journal of Power Sources, 2014, 261,
363-370.

32.

X. Li, Q. Sun, J. Liu, B. Xiao, R. Li and X. Sun, Journal of Power Sources, 2016,
302, 174-179.

73

33.

X. Yang, B. Dong, H. Zhang, R. Ge, Y. Gao and H. Zhang, RSC Advance, 2015, 5,
86137-86143.

34.

X. Yang, Y. Yu, N. Yan, H. Zhang, X. Li and H. Zhang, Journal of Materials
Chemstry A, 2016, 4, 5965-5972.

35.

G. Li, J. Sun, W. Hou, S. Jiang, Y. Huang and J. Geng, Nature Communications,
2016, 7, 10601.

36.

Y. Cheng, K. Feng, W. Zhou, H. Zhang, X. Li and H. Zhang, Dalton Transactions
2015, 44, 17579-17586.

37.

K. Fu, Y. Wang, C. Yan, Y. Yao, Y. Chen, J. Dai, S. Lacey, Y. Wang, J. Wan, T.
Li, Z. Wang, Y. Xu and L. Hu, Advanced Materials, 2016, 28, 2587-2594.

38.

R. R. Kohlmeyer, A. J. Blake, J. O. Hardin, E. A. Carmona, J. Carpena-Núñez, B.
Maruyama, J. Daniel Berrigan, H. Huang and M. F. Durstock, Journal of Materials
Chemstry A, 2016, 4, 16856-16864.

39.

J. Liu, B. Ludwig, Y. Liu, Z. Zheng, F. Wang, M. Tang, J. Wang, J. Wang, H. Pan
and Y. Wang, Advanced Materials Technologies, 2017, 2, 1700106.

74

4.7 Supporting Information

Figure S4.1 (a-d) Optical images of a 3D-printed S/BP 2000 thick electrode. (a) 3D
printing process. (b and c) 3D-printed S/BP 2000 thick cathode (4 layers, sulfur loading is
~5.5 mg cm-2) before and after freeze drying, respectively. (d) Free standing structure of
thick cathode. (e-l) Various patterns and fibers printed by the same 3D printer.

Figure S4.2 SEM images of 3DP-ODE at different magnifications.
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Figure S4.3 TGA curve of S/BP 2000 composites.

Figure S4.4. Raman spectrum of 3DP-FDE.
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Figure S4.5 (a) Comparison of CV profiles of 3DP-FDE and 3DP-ODE (after
normalization to same sulfur loading: ~ 3mg cm-2). (b) CV profiles of 3DP-FDE with 4
cycles; (c) EIS plots of 3DP-FDE and 3DP-ODE before cycling with the equivalent circuit
shown in the inset. (d) Relationship between Z’ and square root of frequency (ω-1/2) in the
low-frequency region.
Table S4.1 Kinetic parameters of 3DP-FDE and 3DP-ODE before cycling.

Kinetic

Rs (Ω)

Rct (Ω)

σ

D (cm-2 s-1)

3DP-FDE

5.81

28.76

2.16

7.70× 10-10

3DP-ODE

4.50

138.4

14.04

1.82× 10-11

parameters

Typical EIS curves with a semicircle at high frequency and a short line at low frequency,
relating to the charge-transfer resistance (Rct) and Warburg resistance (W0), are shown in
Figure S4.5c for both 3DP-ODE and 3DP-FDE, respectively. The Rct can reflect the
resistance of the electrochemical reaction at the boundary of electrode-electrolyte, while
the Warburg resistance is closely related to Li+ transportation. To quantitively study Li+
diffusion in 3DP-ODE and 3DP-FDE electrodes, the diffusion coefficient of Li+ (D) is
calculated by following equation:

D = 0.5 ( RT / An2 F 2 C )2

(1)

Where R, T, A, n, F and C is the ideal gas constant, absolute temperature, geometrical area
of the electrode, number of electrons per molecule during oxidation, Faraday’s constant
and molar concentration of Li+, respectively. σ is the Warburg coefficient, which has a
relationship with the real part of EIS spectra (Z’) as follow:

Z ' = Rs + Rct +  −1/ 2

(2)
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Where Rs is ohmic resistance and ω is angle frequency. Figure S4.5d shows the
relationship between Z’ and ω-1/2 at low frequency for 3DP-FDE and 3DP-ODE. In the
selected region, Z’ and ω-1/2 exhibit a linear relationship where the slope of the fitted line
is σ, which together with Rs, Rct and D are listed in Table S4.1. 3DP-FDE exhibits a Rct of
28.76 Ω which is 4.8 times smaller than that of 3DP-ODE (138.40 Ω), and a Li+ diffusion
coefficient of 7.70 × 10-10 cm2 s-1 which is 42.3 times greater than that of 3DP-ODE (1.82
× 10-11 cm2 s-1).

Figure S4.6 Cycling performance of Li-S cells assembled with 3 mg cm-2 sulfur loaded
3DP-ODE at 0.2 C.

Figure S4.7 Ragone plot comparing areal capacity versus current density for the
3DP-FDE to reported 3D printing electrode literature values.
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Chapter 5
Converting a Thick Electrode into Vertically Aligned “Thin
Electrodes” by 3D-Printing for Designing Thickness
Independent Li-S Cathode*
As discussed in the last chapter, sulfur cathodes with a high sulfur loading more than 3 mg
cm-2 are essential for practical high-energy density Li-S batteries. However, Li+ transport
is usually poor in thick cathodes, resulting in low capacity output, fast capacity decay and
large over potential. To tackle the issue of thick sulfur cathodes, a thickness-independent
electrode structure is proposed for the first time which can transform a thick electrode into
a combination of vertically aligned “thin electrodes”. Each “thin electrode” has a thickness
of ~20 μm, which is independent of the overall thickness of electrode or sulfur loading.
The “thin electrodes” substantially enhanced local accessibility to Li+ and e- and enabled
similar electrochemical kinetics despite the total sulfur loading or thickness of the electrode.
Accordingly, highly similar cycling performance and rate performance were demonstrated
with the 250 μm and 750 μm (i.e. sulfur loadings of 2 and 6 mg/cm2) electrodes. This work
demonstrates the concept and offers a new opportunity for designing high-loading cathodes
and shall rise interests for other energy storage systems such as Li-ion batteries, Li-air
batteries, etc.

*A version of this chapter has been published in Energy Storage Materials, 2020, 24.682688.
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5.1 Introduction
Lithium–sulfur (Li-S) batteries have been considered as one of the most perspective
candidates of future batteries due to their superior theoretical energy density of 2600 Wh
kg-1 and low cost, naturally abundant, and environmental friendly of sulfur.1-6 Nevertheless,
there are still intricate challenges, such as low Li+/e- conductivity of sulfur and Li2S/Li2S2,
large volumetric changes during cycling, and the widely known “shuttle effects”,
remaining to be solved.7-10 These problems lead to low Coulombic efficiency, low sulfur
utilization, fast capacity fading and poor cycle life, which hinder the practical application
of Li-S batteries.7, 9, 11, 12 Recently, tremendous efforts have been focused on suppressing
polysulfides (PSs) shuttling between anode and cathode via physical confinement and
chemical absorption.13 Based on these attempts, good cycling performance of Li-S batteries
up to 1000 cycles have been achieved.14, 15 Despite the significant achievements, it should
be noted that most of these long cycle lives were demonstrated with low sulfur loading
cathodes less than 2 mg cm-2.16
To achieve high energy density, high sulfur loading and high active material utilization are
essential. Nonetheless, a high sulfur loading is usually accompanied by an increase in
electrode thickness.17, 18 The electrochemical performance of Li-S batteries can be highly
affected by the cathode thickness as a result of the prolonged and tortuous ion transport.
What is worse, the high concentration of Li2S formed on the cathode surface further
hindered the Li+ and PS diffusion inside the cathode, resulting in incomplete
electrochemical reaction and low sulfur utilization.19, 20 To tackle these issues, construction
of Li+ transporting channels in the cathode is a favorable strategy.9, 21-23 For instance,
Zhang and coworkers developed a “tri-continuous phase” porous electrodes, achieving
a capacity around 800 mAh g -1 for the 7 mg cm-2 sulfur-loaded electrode.21 Further
avoiding the shrinkage of the Li + transport channels under surface tension via freezedrying method, a 24 mg cm -2 sulfur-loaded electrode was successfully demonstrated at
0.05 C.21 However, even with these progress, the increase of electrode thickness and
sulfur loading still cause low capacity output, large overpotential and poor cycling stability
and rate performance. Generally, the electrochemical performance of the reported Li-S
batteries is still highly dependent on cathode thicknesses. Recently, our group demonstrated
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that the Li+ transport in Li-S cathode could be optimized from macroscale and nanoscale
via 3D printing method, but it still suffers from capacity decay with increased S loading.24
Impressively, Yang and co-workers developed a vertically aligned two-dimensional
titanium carbide (Ti3C2Tx) electrode for supercapacitors. Beneficial from the fast Li+
transport in the vertical-aligned channels and reduced Li+ transport distance, the
supercapactiors assembled with 40-μm and 200-μm electrodes exhibited almost same rate
performance.25 However, such thickness-independent properties have never been reported
in Li-S battery systems in spite of great efforts focused on vertical-aligned electrodes based
on graphene nanowalls,26 carbon nanosheets,27 and graphite flakes28.
Herein, a thickness-independent electrode with high sulfur loading Li-S cathode was
proposed, for the first time, to convert the 3D disordered thick electrode into a combination
of numerous vertically aligned 2D “thin electrodes” by integrating the 3D-printing
technology with an ice-template method. In our previous work, it has demonstrated that
3D printing technology can ensure high active material loading with a thick electrode for
batteries.29 Therefore, in this work, employing the ice as vertically-aligned template can
successfully transform the thick electrodes into numerous “thin electrodes”. Each “thin
electrode” presents a constant thickness of around 20 μm. The “thin electrodes” are
independent of the total thickness of printed electrodes, even if the total electrode thickness
can be scaled up to hundreds of microns using 3D printing. It is widely known that the
electrochemical reaction can only occur at the tri-phase interface with active materials, Li+
source (electrolyte), and e- source (active electrode surface). Each individual “thin
electrode” functions as an electrochemical reaction site, with a Li+ diffusion distance no
more than 10 μm considering a bi-directional transport model and neglecting the tortuosity
within the “thin electrodes”. The Li+ transporting resistance can be significantly reduced
compared to the traditional dense electrodes with several hundred micro-meters.
Additionally, the “thin electrodes” are beneficial for alleviating Li2S2/Li2S blockage as well.
The similar electrochemical kinetics, Li+/e- conductivities, and constant local thickness in
“thin electrodes” make it possible to achieve thickness-independent electrochemical
performance of electrodes. Consistently, highly similar cycling performance and rate
performance are observed for 3D-printed vertically aligned electrodes, no matter total
thickness of 250 or 750 μm (i.e. sulfur loadings of 2 mg cm-2 and 6 mg cm-2). Both
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electrodes deliver a capacity of 530 mAh g-1 at 10 mA cm-2 and a low capacity decay of
0.1% per cycle over 200 cycles at 1 mA cm-2.

5.2 Experimental Section
Synthesis of S/BP-2000 composite: 600 mg of sulfur powder (99.5 %, Sigma-Aldrich)
was mixed with 400 mg conductive carbon (Cabot BP-2000) with a weight ratio of 6:4 by
grinding with a mortar and a pestle for 0.5 h. The mixture was transferred into a sealed
steel reactor and heated at 155 ℃ for 8 h and subsequently 300 ℃ for 4 h. After cooling to
room temperature, the final S/BP-2000 composite with a sulfur content of 60 wt. % was
obtained.
Fabrication of 3DP-VAEs and 3DP-NVAEs: 3DP-VAEs and 3DP-NVAEs with
different sulfur loadings were fabricated using a custom-made 3D printer equipped with a
3-axis micropositioning stage (FFF Delta 3D printer) motorized by stepper motors
(CNC4PC, CS4EA4-1Rev1). S/BP-2000 composite, Na alginate, and acetylene black were
mixed at a weight ratio of 7:1.5:1.5 with additional DI water to prepare the printing ink.
The ink was loaded into a 3-mL syringe and extruded through a 250-μm-diameter nozzle.
The 3DP-VAEs and 3DP-NVAEs were printed into a grid structure with an overall
diameter of 10 mm at a print motion speed of 6 mm s-1. The printed electrodes were dried
using two different methods for comparison: 1) freeze-drying at -50 ℃ for 20 h (namely
3DP-VAEs with sulfur loading of 2 mg cm-2 and 6 mg cm-2) and 2) thermal drying in an
vacuum oven at 60 ℃ for 20 h (3DE-NVAEs with sulfur loading of 2 mg cm-2 and 6 mg
cm-2).
Characterizations: Hitachi S-4800 field-emission scanning electron microscope (FESEM)
equipped with energy dispersive spectroscopy (EDS) was used to characterize the
morphologies of the printed samples. The sulfur content in the S/BP 2000 composite was
determined by a SDT Q600 thermogravimetric analyzer (TGA) under a nitrogen
atmosphere from room temperature to 600 °C with a heating rate of 10 °C min-1.
Electrochemical Measurements: The electrochemical performance of the 3DP-VAEs
and 3DP-NVAEs with different sulfur loadings were assembled with CR2032 coin cells
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in an Ar-filled glovebox. The cathode and Li anode were separated by a polypropylene
membrane (Celgard 2400). The electrolyte in this study was 1 M bis
(trifluoromethylsulfonyl) imide (LiTFSI) in 1, 2-dimethoxymethane (DME)/1,3dioxolane (DOL) (1:1 v/v) with 1 wt.% LiNO3 additive. The cycling performance of the
assembled batteries were tested using a LAND battery testing station, by applying
different current. Electrochemical impedance spectroscopy (EIS) was tested at opencircuit with a frequency range of 5.0×105 Hz to 1.0×10-2 Hz on a versatile multichannel
potentiostation 3/Z (VMP3). Cyclic voltammetry (CV) was performed on the same
instrument and the data was collected under a scanning rate of 0.1 mV s-1 between a
voltage of 1.8 V and 2.8 V. The charge-discharge tests were carried out using a LAND
CT-2001A system with voltages between 1.8 V to 2.8 V at room temperature. Unless
otherwise specified, the specific capacities reported in this work were calculated based on
sulfur and the voltages vs. Li+/Li.

5.3 Results and Discussion

Figure 5.1 Schematic illustration of the 3D-printed vertical aligned electrode (3DP-VAE)
applied in Li-S batteries.
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Figure 5.1 schematically presents the fabrication and application of a 3D-printed vertical
aligned electrode (3DP-VAE). There are three main steps for the fabrication process.
Firstly, the cathode ink was prepared by dispersing S/BP 2000 composite, acetylene black
conductive additives, sodium alginate in a weight ratio of 14:3:3 in an aqueous solution.
Subsequently, the ink was printed into a round grid pattern with 1 cm diameter using a 3D
printer. It should be note that the total thickness and areal sulfur loading of electrode can
be easily controlled by adjusting the number of printing layers. Lastly, the as-printed
electrode was freeze-dried to obtain the 3DP-VAE as a cathode for Li-S batteries.

Figure 5.2 (a) The mechanism of lamellar growth of ice inside the 3DP-VAE; (b-e) SEM
images of 3DP-VAE-6 (750 μm with 6 mg cm-2 sulfur) with different magnification; (f-g)
cross-sectional SEM images of 3DP-VAE-6 with 3 layers at different magnification; (h)
SEM image with an inset of EDX spectrum and (i-l) corresponding elemental mappings of
3DP-VAE-6.
The formation mechanism and the morphology of 3DP-VAE are shown in Figure 5.2. Ice,
the solid phase of water, has been widely used as a template for synthesizing porous
materials, especially porous ceramics.30 As shown in Figure 5.2a, according to the basic
crystallographic and the anisotropic crystal growth kinetics, the ice growth rate along the
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a-axis is 102 to 103 times higher than that along the b-axis, thereby forming lamellar walls
of ice. The aligned ice walls act as templates to divide the thick electrode into numerous
“thin electrodes”. After removal of the ice-templates by freeze drying, a 3DP-VAE with
vertically aligned “thin electrodes” is fabricated.31 The optical images of 3DP-VAE-6
(sulfur loading of 6 mg cm-2) before and after freeze drying in Figure S5.1, show an
obvious printed grid structure with three layers. The free-standing structure do not require
additional current collectors. The microscopic morphologies are characterized by scanning
electron microscopy (SEM). As shown in Figure 5.2b, the printed grid electrode was
composed of interwoven fibers with a diameter of 250 μm. The distance between two
adjacent fibers was about 250 μm that constructs orderly distributed square pores by design.
This provided sufficient Li+ transport channels and accommodations for electrolyte. In
addition to the macroscopic pores created by 3D printing, higher magnification SEM
images in Figure 5.2c-d depict the constitution of numerous lamellar electrodes (~20 μm
thick). Vertically aligned Li+ transport channels were constructed in micro-scale. It is
widely accepted that the electrochemical reactions can only occur at the tri-phase interface
of e- source, Li+ source, and active material. In this consideration, each “thin electrode” is
favorable for electrochemical reactions. Considering negligible Li+ transporting resistance
in micro-scale channels, the largest Li+ transport distance is only around 10 μm assuming
a bi-directional transport model and ignoring the tortuosity in “thin electrode”. The short
Li+ diffusion length is beneficial for reaction kinetics and alleviation of Li2S2/Li2S
blockage. Moreover, the “thin electrodes” showed a constant thickness of 20 μm no matter
the total thickness of the thick electrodes. The morphology and structure of “thin electrodes”
is further clarified by SEM with higher magnification. As shown in Figure 5.2e, the nanosized pores in the “thin electrode” can further accommodate electrolyte and facilitate Li+
transport. Figure 5.2g shows the cross-sectional view of the 3DP-VAE-6 electrode. The
3DP-VAE-6 electrode is composed of 3 printing layers with a thickness of 250 μm for each
layer. A magnified cross-sectional view is shown in Figure 5.2f. Similar vertically aligned
Li+ transport channels were observed. The morphology of 3DP-VAE-2 (sulfur loading of
2 mg cm-2) electrode with a single printed layer (250 μm) is shown in Figure S5.2. The
3DP-VAE-2 electrode was also composed of similar micro-sized “thin electrodes” with a
thickness of ~20 μm. The successful formation of “thin electrodes” via ice-template was
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independent on the total thickness of electrodes. Similar Li+/e- conductivities in both 3DPVAE-2 and 3DP-VAE-6 electrodes and thickness-independent electrochemical
performance were expected.
For comparison, some printed electrodes were conventionally dried in a vacuum oven at
60 oC, denoted as 3D-printed nonvertical aligned electrode (3DP-NVAE). As shown in
Figure S5.3, both the 3DP-NVAE with sulfur loading of 2 and 6 mg cm-2 (3DP-NVAE-2
and 3DP-NVAE-6, respectively) were dense without vertical aligned “thin electrodes”.
Due to surface tension, the printed grid structure of 3DP-NVAE electrodes are mostly
fractured. This can be harmful for Li+ transport. The sulfur content in the S/BP 2000
composite was determined to be 60 wt% by thermogravimetric analysis (TGA) in N2
atmosphere (Figure S5.4).

Figure 5.3 Comparison on electrochemical performance of Li-S batteries using 3DP-VAEs
and 3DP-NVAEs with different sulfur loadings. (a) Rate performance of 3DP-VAEs and
3DP-NVAEs with different sulfur loadings at various current rates from 1 to 10 mA cm-2.
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(c) Overpotentials of 3DP-VAEs and 3DP-NVAEs various rates. (d) Ragone plot
comparing areal capacity versus current density for the 3DP-VAE-6 to the reported vertical
electrodes for Li-S batteries. (e) Schematic illustration of ion transport in 3DP- NVAE-6
and 3DP-VAE-6; the green arrowed curves indicate ionic pathways. (f) Cycling
performance of 3DP-VAEs and 3DP-NVAEs with different sulfur loadings at a current
density of 1 mA cm-2. (g) Comparison of the recently reported discharge capacities with
different sulfur loadings, corresponding with Table S5.2 (solid line: around 1 mA cm-2;
dash dot: around 5 mA cm-2; dash line: around 10 mA cm-2).
Figure S5.5 shows the cyclic voltammetry (CV) curves of Li-S batteries using 3DP-VAE6 and 3DP-NVAE-6 electrodes. Both batteries demonstrated two couples of
oxidation/reduction peaks in the selected voltage window from 1.8 to 2.8 V. The 3DPVAE-6 cell exhibited two oxidization peaks at 2.35 and 2.44 V and two reduction peaks at
2.27 and 1.96 V, indicating a two-step oxidation/reduction process between sulfur and the
discharge products Li2S2/Li2S. In contrast, the oxidization peaks of the 3DP-NVAE-6 cell
shifted to higher voltages of 2.40 and 2.50 V, while the reduction peak shifted to lower
voltages of 2.24 and 1.90V. The polarized and broadened oxidation/reduction peaks
indicated poorer electrochemical kinetics than the 3DP-VAE-6 cell. The difference
between 3DP-VAEs and 3DP-NVAEs was further investigated by the electrochemical
impedance spectroscopy (EIS). As shown in Figure S5.6a and Table S5.1, the four
electrodes exhibit similar ohmic resistance less than around 8 Ω, while the charge transfer
resistances (Rct) were quite different. Noting that Rct is closely related to the chemical
reaction activation energy, the similar Rct values of 3DP-VAE-2 (36.62 Ω) and 3DP-VAE6 (44.51 Ω) suggested their similar electrochemical reaction kinetics. Comparing with the
3DP-VAEs, the 3DP-NVAEs presented larger Rct values (51.64 Ω for the 3DP-NVAE-2
and 83.37 Ω for the 3DP-NVAE-6). Slower electrochemical reaction kinetics of the 3DPNVAEs than the 3DP-VAEs was indicated, presumably due to the decreased active sites
in the dense 3DP-NVAEs. To further quantify the difference of Li+ diffusion in 3DP-VAEs
and 3DP-NVAEs, the diffusion coefficient of Li+ (DLi+) was calculated based on the DLi+
Warburg coefficient (σ) and angular frequency (ω) relationship in previous reports.

32, 33

As shown in Figure S5.6b and Table S5.1, The 3DP-VAE-2 and 3DP-VAE-6 electrodes
exhibit similar DLi+ of 2.29 × 10-10 and 1.54 × 10-10 cm2 s-1, which were nearly one order
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of magnitude higher than that of the 3DP-NVAE-2 and 3DP-NVAE-6 electrodes (2.72 ×
10-11 and 1.81 × 10-11 cm2 s-1). The 3DP-VAEs possessed smaller Rct and larger DLi+,
suggesting higher electrochemical activity and faster Li+ diffusion than the 3DP-NVAEs.
This emphasized the importance of the unique structure of the 3DP-VAEs.The similar
kinetics obtained for 3DP-VAE-2 and 3DP-VAE-6 electrodes with different sulfur
loadings indicates the similar electrochemical kinetics and thickness-independent
electrochemical performance.
The thickness-independent properties of the 3DP-VAEs were demonstrated by the rate
performance and cycling stability. As shown in Figure 5.3a, the 3DP-VAE-2 cell delivered
average capacities of 854, 820, 798, 775, 719, 644, 641 and 531mA h g-1 at current densities
of 1, 2, 3, 4, 5, 6, 8 and 10 mA cm-2, respectively. When the current density returned to 1
mA cm-2, a high specific capacity of 798 mA h g-1 was maintained. It is noteworthy that
the 3DP-VAE-6 cell demonstrated very similar rate performance as the 3DP-VAE-2 cell
at the same current densities from 1 to 10 mA cm-2, which were 885, 804, 764, 750, 734,
714, 649 and 532mA h g-1, respectively. When the current density was changed back to 1
mA cm-2, a similar discharge capacity of 784.3 mA h g-1 was recovered. In great contrast,
the rate performance of the 3DP-NVAEs were not at all comparable, with the higher
loading 3DP-NVAE-6 failed even more rapidly. When the current density increased to 5
mA cm-2, the 3DP-NVAE-6 delivered almost no capacity. The poor rate performance of
the 3DP-NVAEs was mainly attributed to the blocked Li+/e- transport in a thick and dense
electrode. Figure 5.3b shows the charge/discharge profiles for the 3DP-VAEs and 3DPNVAEs at the first cycle. At a current density of 1 mA cm-2, all four electrodes presented
a similar capacity of approximately 1200 mAh g-1. However, it is noteworthy that the
overpotential of 3DP-VAEs was smaller than that of the 3DP-NVAEs. Additionally, the
polarization of the 3DP-NVAEs was highly dependent on the sulfur loading, but the 3DPVAEs were relatively independent. A higher sulfur loading in 3DP-NVAEs led to a larger
overpotential, while the charge/discharge profiles of the different loading 3DP-VAEs
almost overlapped. This again emphasizes the important improvements of Li+/e- transport
by the built-in “thin electrodes”. The thickness-independent performance of 3DP-VAEs
were also observed during the rate performance test. The galvanostatic charge/discharge
curves of the 3DP-VAE-2 and 3DP-VAE-6 cells at different current densities are shown in
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Figure S5.7a and b. The typical two discharge plateaus for both electrodes can be well
observed even at the high current density of 10 mA cm-2, indicating a kinetic effective
process. However, the 3DP-NVAE-2 failed to maintain the second discharge plateau at 8
mA cm-2; the 3DP-NVAE-6 lost the second discharge plateau at an even lower current
density of 4 mA cm-2 (Figure S5.8). The severe polarization upon increasing current
density was common for conventional dense thick electrodes. Moreover, the overpotential
(ΔV), determined by the charge/discharge voltage difference at the median value of the
discharge capacity, of those four electrodes at various current densities from 2 to 10 mA
cm-2 were calculated and compared in Figure 5.3c. The ΔV values of the 3DP-VAE-2 cell
at 2, 4, 6 and 8 mA cm-2 were 198, 275, 332 and 391 mV, respectively. Interestingly, the
3DP-VAE-6 cell showed almost the same ΔV values of 219, 290, 365 and 423 mV at the
corresponding current densities. Even at a high current density of 10 mA cm-2, the 3DPVAE-2 and 3DP-VAE-6 cells still exhibited similar ΔV values of 455 and 465 mV,
respectively. The 3DP-VAEs were proved to have similar Li+/e- transport capabilities and
thus thickness-independent electrochemical performance. In contrast, for 3DP-NVAEs, the
ΔV dramatically increased with the increasing thickness and sulfur loading of the electrode,
consistent with the common trend of most recently reported Li-S batteries.34, 35 The 3DPNVAE-6 presented the largest ΔV value among the four electrodes, almost two times
higher than those of the 3DP-VAEs at 2 mA cm-2. The ΔV values of 3DP-NVAE-2 and
3DP-NVAE-6 are not shown in Figure 5.3c beyond current densities of 6 mA cm-2 and 2
mA cm-2 due to the absence of the second discharge plateau. The Ragone plot in Future
5.3d compares the performance of the 3DP-VAE-6 to the reported vertical-aligned
cathodes for Li-S batteries during the years between 2014 and 2018.26, 27, 36-42 The areal
capacity of our 3DP-VAE-6 substantially exceeds other reported vertical-aligned cathodes
for Li-S batteries at the same current densities. The improved rate performance and
decreased overpotential of 3DP-VAE electrodes are evidently attributed to the improved
electrochemical kinetics and fast Li+/e- transport in the “thin electrodes”. As schematically
illustrated in Figure 5.3e, the Li+ can first diffuse into the micro-scale vertical-aligned Li+
transport channels with negligible transport resistance, then transport in the porous “thin
electrodes” bi-directionally. The longest Li+ transport distance is presumably only half of
the thickness of the “thin electrodes” (~10 μm). In contrast, Li+ has to diffuse a long
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distance in the dense 3DP-NVAEs for full sulfur utilization, which often cannot complete
at high current densities. Therefore, the thickness-independent rate performance of 3DPVAEs is a particular advantage over conventional electrodes for achieving effective and
high sulfur loading.
The cycling stability of those four cathodes were evaluated at 1 mA cm-2. As shown in
Figure 5.3f, the 3DP-VAE-2 and 3DP-VAE-6 cells delivered initial capacities of 1157.2
mA h g-1and 1156.4 mA h g-1 and reversible capacities of 906.6 mA h g-1 and 910.3 mA h
g-1 after 10 cycles of stabilization, respectively. After 200 cycles, high discharge capacities
of 701.3 mA h g-1 and 739.6 mA h g-1 were retained for 3DP-VAE-2 and 3DP-VAE-6,
demonstrating a low capacity attenuation of around 0.10 % per cycle (calculated based on
the stabilized capacities at the 10th cycle) for both electrodes. The excellent cycling
performance indicated well confinement of PSs in the 3DP-VAEs, either in the vertically
aligned channels or the nano-scale pores in the “thin electrodes”; the fast reaction kinetics
thanks to the unique electrode structural design also reduced the active materials loss
during repeated charge/discharge process. In contrast, although the 3DP-NVAE cells
showed high initial capacities above 1200 mA h g-1, the reversible capacities dropped to
863.8 mA h g-1 and even 616.0 mA h g-1 at the 10th cycle for 3DP-NVAE-2 and 3DPNVAE-6, respectively. After 200 cycles, capacities of only 428.2 mA h g-1 and 36.6 mA h
g-1 were maintained for the 3DP-NVAE-2 and 3DP-NVAE-6 cells, corresponding to high
capacity attenuations of 0.27% and 0.49%, respectively.43, 44 The poor cycling stability of
3DP-NVAEs could mainly attributed to the high concentration of Li2S deposited on the
surface of 3DP-NVAEs and blocked the Li+/e- pathways. The areal capacities achieved by
3DP-VAEs and 3DP-NVAEs cells were shown in Figure S5.9. The 3DP-VAE-2 and 3DPVAE-6 cells delivered initial areal capacities of 2.31 and 6.94 mA h cm-2 and maintained
at 1.40 and 4.44 mA h cm-2 even after 200 cycles, respectively, which were obviously
higher than that of 3DP-NVAEs cells. Remarkably, the evaluation of discharge capacity
followed by increasing the sulfur loading from recently publications was presented in
Figure 5.3g and listed in Table S5.2. As expected, due to the worsening Li+/e- transport
with sulfur loading increasing, the capacities are decreased gradually, which will no doubt
limit the improvement of practical energy density. In contrast, as shown in Figure 5.3g
marked with red pentagrams, beneficial from the thickness-independent property enabled
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by the vertically-aligned structure, there is no capacity drop for the 3DP-VAEs with sulfur
loading increasing, even at high current density of 10 mA cm-2, further highlighting the
novel thickness-independent structure in Li-S batteries.

Figure 5.4 Schematic diagram of the 3DP-VAE during lithiation process (a, b);
comparison of surface morphologies of 3DP-VAE-2 (c) and 3DP-VAE-6 (d) after 100
cycles at 2 mA cm-2.
As shown in Figure 5.4a and Figure 5.4b, the electrochemical reactions can only occur at
the tri-phase interface of the electrolyte (Li+ source), cathode active site (e- source) and
active materials; the transformation from a thick dense electrode into numerous vertically
aligned “thin electrodes” substantially enhanced the number of tri-phase interfaces and
facilitated conversion between sulfur and Li2S2/Li2S. The sturdiness of the designed
structure is essential for long-term cycle ability. To examine the structural stability of the
3DP-VAEs over electrochemical operations, the 3DP-VAE-2 and 3DP-VAE-6 cells were
disassembled for morphological analysis by SEM after cycling at 2 mA cm-2 for 100 cycles.
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As shown in Figure 5.4c and 5.4d, both 3DP-VAEs still well maintained the vertically
aligned “thin electrodes” for fast local Li+/e- transport. No obvious accumulation of
reaction side products or “dead” Li2S2/Li2S were observed, especially when compared with
3DP-NVAEs as shown in Figure S5.10 which have been cracked during cycling. Moreover,
as shown in Fig. S5.11, EIS curves of 3DP-VAE-2 and 3DP-VAE-6 after cycling also
demonstrate a similar electrochemical activity and Li+/e− diffusion capability. Therefore,
the unique structure of 3DP-VAEs remained effective upon repeated charge/discharge
cycles.

5.4 Conclusion
In summary, we have developed a new strategy to apply 3D printing technique to carry out
thickness-independent Li-S cathode by converting the thick electrodes into a combination
numerous vertically aligned “thin electrodes”. The “thin electrodes” presented a constant
thickness of ~20 μm in spite of the total thickness of the whole electrode. Due to the similar
electrochemical kinetics and Li+/e- transport distance in “thin electrodes”, the prepared
3DP-VAE-2 (250 μm with a sulfur loading of 2 mg cm-2) and 3DP-VAE-6 (750 μm with
6 mg cm-2 sulfur) electrodes delivered highly similar cycling performance and rate
performance. Both 3DP-VAEs were able to deliver a capacity of 530 mAh g-1 at 10 mA
cm-2 and a low capacity decay of 0.1% per cycle over 200 cycles at 1 mA cm-2. This work
opens a new opportunity for designing high-performance and high-energy Li-S batteries
with high sulfur loadings.
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5.7

Supporting Information

Figure S5.1 (a) A schematic diagram of the 3D printer. (b) Optical images of 3DP-VAE-6
before and after freeze drying.
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Figure S5.2 SEM images of 3DP-VAE-2. Top sectional view (a) and cross-sectional view
(b) of 3DP-VAE-2 with one layer.

Figure S5.3 SEM images of 3DP-NVAEs with different sulfur loadings. Top sectional view
of 3DP-NVAE-2 (a, b) and 3DP-NVAE-6 (c, d) with different magnification; the inset
images show the corresponding cross-sectional view of the electrode.

Figure S5.4 TGA curve of S/BP 2000.
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Figure S5.5 CV curves of 3DP-VAE-6 and 3DP-NVAE-6 at the 2nd cycle measured
between 1.8-2.8 V versus Li/Li+ at a sweep rate of 0.1 mV s-1.

Figure S5.6 (a) EIS plots of 3DP-VAEs and 3DP-NVAEs with different sulfur loadings.
The insert is the corresponding equivalent circuit. (b) Relationship between Z’ and square
root of frequency (ω-1/2) in the low-frequency region.
Table S5.1 Kinetic parameters of 3DP-VAEs and 3DP-NVAEs.
Kinetic

Rs (Ω cm-2)

Rct (Ω cm-2)

σ

DLi+ (cm2 s-1)

3DP-VAE-2

8.03

36.62

2.02

2.29× 10-10

3DP-VAE-6

4.71

44.51

2.46

1.54 × 10-10

3DP-NVAE-2

4.00

51.64

5.86

2.72× 10-11

3DP-NVAE-6

7.14

83.37

7.19

1.81 × 10-11

parameters
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Figure S5.7 Selected discharge-charge profiles of 3DP-VAE-2 (a) and 3DP-VAE-6 (b) at
various rates from 1 to 10 mA cm-2.

Figure S5.8. Selected discharge-charge profiles of 3DP-NVAE-2 (a) and 3DP-NVAE-6 (b)
at various rates from 1 to 10 mA cm-2.

Figure S5.9. Areal capacities of 3DP-VAEs and 3DP-NVAEs at the current density of 1
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mA cm-2.

Figure S5.10. Comparison of surface morphologies of 3DP-NVAE-2 (a) and 3DP-NVAE6 (b) after 100 cycles at 2 mA cm-2.

Figure S5.11 EIS curves of 3DP-VAE-2 and 3DP-VAE-6 after 50th cycles at 1 mA cm-2.
Table S5.2 Performance comparisons with recent works on different sulfur loading
cathodes in Li-S batteries

Host

S
Current
loading
density
(mg cm(mA cm-2)
2)

Initial
capacity
Yea
(mAh gr
1)

Journal

3DP-VAE

2

1156.6/7
49.7/545 .3

-

1/5/10

Ref.

This
work

100

3DP-FDE
(Our
previous
work)
CMK3@S/CNT
EMIM-DCA
S-PDMS/GF
Nano S
LRC/S@EFG
SWCNTmodulated
separator
B-PEI
HCFF-S
CNT-S
NG-S80
3D-S-VCNs
HM-separator
NCF–S@rGO
S@C-wood

6

1/5/10

3

5

1156.3/7
32/575.5
800

5.5

4.6

700

201
9

Nano Energy

1

1
5
2.5
5
8.5
3.3
6.1

0.17
0.84
0.21
0.42
0.72
1
1.83

~1200
~900
~1255
~1000
~650
~1400
~1300

201
5

Angewandte
Chemie

2

201
5

J.
Mater.
Chem. A

3

Nano energy

4

2.42

0.8

~800

Nano Letters

5

4.79
3.6

1.6
1.2

~500
1054

7.2

1.2

995

201
5

Nature
Communicati
ons

6

1.5

0.5

1200

1

953

Small

7

3

201
6

5
9
6.2
10.8
1.78
3.17
1.5
5
3
6
2.1

0.84
0.76
1.04
1.81
0.98
1.75
1.25
0.84
0.5
1
7.02

1206
1014
1263
1066
~1050
~880
~1100
~1000
~1000
~650
~700

Energy
Environ. Sci.

8

Adv. Mater.

9

Nano Letters

10

Nano Letters

11

4.1

6.69

~410

3.2
4.3
5.1
12.6
15.2
5.4

1.07
1.44
1.7
1.56
1.56
1.11/5.53/11.
1
1.81

6.8

5.7/11.4

918
842
709
828.9
713.6
~1200/1
000/900
~1100
~700/~6
00

3.3
S@VN-NBs

201
5
201
5

201
6
201
6
201
6
201
6
201
6
201
7

Adv. Energy.
Mater.
Energy
Storage
Mater.

12

13

201
7

J.Mater.
Chem. A

14

201
7

ACS nano

15

201
7

Nano Letters

16

101

CNF-S
poached-eggshaped
cathode
90S/cellular
Co@N−C
CF@CNTs/M
gO-S
S/PCNF/CNT
S2−4/UMCMFC
NiS2-RGO

2
6
2

6.7
5.01
0.67

~900
~600
1200

4

0.67

1150

3.6

1.2/12.04

7.5
6.6
14.4
3.9
7.7
12
2.6
3.6
4.2
5
21

1.26/12.54
1.1
1.2
0.6
0.6
0.6
2
2
2
8.36
7.02

1100/75
0
800/500
900
700
1321.7
1183.7
1125.8
698.6
~600
~550
908
776

201
7
201
7
201
7
201
7
201
8
201
8
201
8

Nano Letters

17

ACS Energy
Letters

18

ACS Nano

19

Adv. Funct.
Mater.
ACS Applied
Mater.
Interface
ACS Applied
Mater.
Interface
Adv. Energy
Mater.

20

21

22

23
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Chapter 6
3D Vertically-aligned Li Metal Anodes with Ultrahigh
Cycling Currents and Capacities of 10 mA cm-2 /20 mA h
cm-2 Realized by Selective Nucleation within Microchannel Walls*
Although metallic lithium is regarded as the “Holy Grail” for the next-generation
rechargeable batteries due to its high theoretical capacity and low overpotential, the
uncontrollable Li dendrite growth, especially under high current densities and deep
plating/striping, has inhibited its practical application. Herein, a 3D-printed verticallyaligned Li anode (3DP-VALi) is shown to efficiently guide Li deposition via a “nucleation
within micro-channel walls” process, enabling a high performance dendrite-free Li anode.
Moreover, the micro-channels within the micro-walls are beneficial for promoting fast Li+
diffusion, supplying large space for the accommodation of Li during the plating/stripping
process. The high surface area 3D anode design enables high operating current densities
and high areal capacities. As a result, the Li-Li symmetric cells using 3DP-VALi
demonstrate excellent electrochemical performances as high as 10 mA cm-2/10 mA h cm-2
for 1500h and 5 mA cm-2/20 mA h cm-2 for 400 h, respectively. Additionally, the Li-S and
Li-LFP cells using 3DP-VALi anodes present excellent cycling stability up to 250 and 800
cycles at a rate of 1C, respectively. We believe that these new findings could open a new
window for dendrite-free metal anode design and paves the way towards energy storage
devices with high energy/power density.

*A version of this chapter has been publised in Advanced Energy Materials, 2020,10,
1903753
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6.1 Introduction
Given their high specific capacity and high discharge voltage, Li-metal batteries (LMBs)
have the potential to achieve energy densities over 500 Wh kg-1 when combined with S and
O2 cathodes, which is 2~3 times that of state-of-the-art Li-ion batteries.1-5 Nevertheless,
the non-uniform Li deposition during the plating/stripping process is still a significant
challenge that slows down the progress of practical LMBs. The uncontrolled deposition
and Li dendrite growth induce continuous consumption of electrolyte and formation of
unstable solid electrolyte interphase (SEI) components, eventually leading to internal short
circuits and poor electrochemical performance.6-9
Many strategies such as the introduction of protection layers,10-12 in-situ formation of SEI
components,13-15 guided Li nucleation,16,

17

control of Li salt concentration,18 Li

morphology control, 19 20 and application of solid-state-electrolytes (SSEs)21-24 have been
demonstrated to be effective in eliminating the aforementioned problems of the Li metal
anode. Despite the great achievements made to date, the poor ionic conductivities of most
protection layers, continuous consumption of electrolyte additives and large SSE/electrode
interfacial resistance significantly limit the practical use of conventional Li anodes to low
current densities and areal capacities.
Recently, the fabricating 3D Li anodes by electrochemical deposition, molten Li infusion,
and mechanical pressurization has received increasing attention towards achieving highenergy/power density LMBs.25-29 On one hand, the 3D Li anode can provide a large specific
surface for reducing local current density and facilitating smooth Li deposition. On the
other hand, the entrapped voids in the 3D Li anode supplies large storage space for Li
accommodation.25, 27 A fly in the ointment is that the Li growth directions are random
because of lacking selectivity, increasing the risk of dendrites penetrating the separator,
especially operating at high current densities and high areal capacities.30 Very recently,
Zhang’s group developed a simple rolling-cutting /coiling method by rolling the closed
tight separator (PE or glass fiber) and Li foil into a Swiss roll shape.31 It shows the top-side
Li presented the highest current density distribution, resulting in a selective “side
deposition-dissolution” process, which significantly lowered the risk of internal shortcircuiting. The results showed that the unique 3D Li structure can tolerate a high current
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density of over 5 mA cm-2. However, limited by the space/specific surface based on the
mm-scale structure, the cells can run for less than 200 h even within a low areal capacity
of 1 mAh cm-2. There is no doubt that it is not satisfied with the practical application of
LMBs. With this in mind, new designs are needed to maximize the advantages of this
concept for both long cycling life and high current density/areal capacity Li anodes.
Herein, we developed a 3D printed vertically aligned Li anode (3DP-VALi) with wellcontrolled micro-scale features for selective “side deposition”, where Li preferably
deposits on the micro-walls of 3DP-VALi with a lithiophilic ZnO coating. Moreover, the
numerous vertically aligned micro-channels exist among the micro-walls provide a large
space for facilitating Li+ transport, accommodating deposited Li as well as alleviating
volume change. Based on the micro-scale structure, selective “nucleation within microchannel walls”, the assembled Li-Li symmetric cells achieve ultra-long cycling life of 3000
h at current density/areal capacity of 1mA cm-2/ 1 mAh cm-2. More importantly, the Li-Li
symmetric cell demonstrates excellent long cycling life of 1500 h and 400 h at ultrahigh
current densities/areal capacities of 10 mA cm-2/10 mAh cm-2 and 5 mA cm-2/20 mAh cm2

, respectively.

6.2 Experimental section
Fabrication of vertically-aligned CNT@ZnO template: Carbon nanotubes were coated
with a conformal layer of ZnO via atomic layer deposition(ALD) using Gemstar-8 ALD
system (Arradiance, USA) with diethyl zinc (DEZn) and DI water as precursors. After 200
cycles with ~15ms pulse time for DEZn and DI water and 60s waiting between each pulse,
CNT showed yellow and became lithiophilic. After that, the vertically-aligned CNT@ZnO
template was fabricated using a custom-made 3D printer equipped with a 3-axis
micropositioning stage (FFF Delta 3D printer) motorized by stepper motors (CNC4PC,
CS4EA4-1Rev1). Typically, CNT@ZnO and sodium alginate were mixed at a weight ratio
of 9: 1 with additional DI water to prepare the printing ink. The ink was loaded into a 3mL syringe and extruded through a 400-μm-diameter nozzle. The CNT@ZnO ink was
printed into a dense structure with an overall diameter of 10 mm at a print motion speed of
6 mm s-1 with a pressure of 70 dpi. And then, the 3D-printed CNT@ZnO were dried using
freeze-drying at -50 ℃ for 20 h to fabricate a vertically aligned CNT@ZnO template.
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Fabrication of 3DP-VALi: Li metal melt infusion was carried out in an Ar-filled glovebox.
Typically, a piece of freshly scraped Li foil (99.9%, Alfa Aesar) was put into a stainlesssteel crucible and heated to ~350 ℃ on a hot plate (VWR). Subsequently, the edge of the
printed CNT@ZnO template was put into contact with the molten Li. And then Li can
steadily climb up and wet the whole matrix, forming the 3 dimensional lithium, named as
3DP-VALi.
Synthesis of KB@S cathode: 640 mg of sulfur powder (99.5 %, Sigma-Aldrich) was
mixed with 360 mg Ketjen black (KB) with a weight ratio of 6.4:3.6 by grinding with a
mortar and a pestle for 0.5 h. The mixture was transferred into a sealed steel reactor and
heated at 155 ℃ for 8 h and subsequently 300 ℃ for 4 h. After cooling to room temperature,
the final KB@S composite with a sulfur content of 64 wt. % was obtained.
Synthesis of LFP cathode: The LFP cathode was fabricated by blade casting technique.
Typically, the lithium ion phosphate (LFP) slurry was prepared in a mixer machine for 1h
using LFP, acetylene black (AB), and PVDF with a mass ratio of 91: 5: 4. After that, the
prepared homogeneous slurry coated onto aluminum (Al) foil, and then dried at 60 oC
overnight. Finally, the LFP cathode was formed.
Characterizations: Hitachi S-4800 field-emission scanning electron microscope (FESEM)
equipped with energy dispersive spectroscopy (EDS) was used to characterize the
morphologies of the printed samples. The sulfur content in the KB@S composite was
determined by an SDT Q600 thermogravimetric analyzer (TGA) under a nitrogen
atmosphere from room temperature to 600 °C with a heating rate of 10 °C min-1. The Xray diffraction (XRD) patterns of the samples were recorded for 2θ ranging from 10° to 90°
on Bruker AXS D8 Advance with Cu Kα radiation (λ = 1.54178 Å).
Electrochemical Measurements: The full cells and Li-Li symmetrical cells
electrochemical performance of bare Li and 3DP-VALi batteries were tested with CR2032
coin cells, constructed in an Ar-filled glove box. The cathode (KB@S and LFP) and Li
anode (bare Li and 3DP-VALi), bare Li symmetrical cells, 3DP-VALi symmetric cells
were separated by a polypropylene membrane (Celgard 2400). The charge and discharge
tests were carried out using a LAND CT-2001A system, by applying different current.
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Electrochemical impedance spectroscopy (EIS) was tested at open-circuit with a frequency
range of 5.0×105 Hz to 1.0×10-2 Hz on a versatile multichannel potentiostation 3/Z (VMP3).
The ether-based electrolyte in this study was 1 M bis (trifluoromethylsulfonyl) imide
(LiTFSI) in 1, 2-dimethoxymethane (DME)/1, 3-dioxolane (DOL) (1:1 v/v) with 1 wt. %
LiNO3 additive. And the volume of ether-based electrolyte is controlled to 50 μL. To
measure the Li symmetric cell-based ether electrolyte, Li/Li and 3DP-VALi/3DP-VALi
symmetric cells were tested under different current densities. For the full cell test, the
KB@S electrode was employed as cathode with sulfur loading of about 2.2 mg cm-2, bare
Li and 3DP-VALi as anode, named as KB@S/Li and KB@S/3DP-VALi full cells,
respectively. The charge-discharge tests of Li-S batteries were carried out using a LAND
CT-2001A system with voltages between 1.7 V to 2.8 V at room temperature. Unless
otherwise specified, the specific capacities reported in this work were calculated based on
sulfur and the voltages vs. Li+/Li.
The carbonate electrolyte employed was 1.0 M lithium hexafluorophosphate (LiPF6) in a
mixture of ethylene carbonate, dimethyl carbonate, and dimethyl carbonate (volume ratio
of 1:1:1 with 10% FEC). And the volume of carbonate-based electrolyte is also controlled
to 50 μL. To measure the Li symmetric cell-based carbonate electrolyte, Li/Li and 3DPVALi/3DP-VALi symmetric cells were tested under different current densities. And for
the full cell testing, the LFP was employed as cathode with an active material loading of
13.6 mg cm-2, the bare and 3DP-VALi as anode, named as LFP/Li and LFP/3DP-VALi,
respectively. And then charge-discharge tests of LFP/3DP-VALi and LFP/Li full batteriesbased carbonate electrolyte were carried out using a LAND CT-2001A system with
voltages between 2.5 V to 4.2 V at room temperature.
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6.3 Results and discussion

Figure 6.1 (a) Schematic diagram of the 3DP-VALi fabrication process, (b-d) top sectional
SEM images of 3D-printed CNT@ZnO at different magnifications, (e) Cross sectional
SEM image of CNT@ZnO template, (f-g) SEM images of 3DP-VALi at different
magnifications.
The 3DP-VALi was produced via combining a 3D printing technique with a freeze-drying
method, followed by infusion of molten Li into the 3D scaffold at a high temperature. As
shown in Figure 6.1a, before printing, an amorphous ZnO layer (determined by the XRD
pattern in Figure S6.1) was coated on the surface of CNT via an atomic layer deposition
(ALD) method to create a lithiophilic surface. The thickness of ZnO was determined to be
around 10 nm (Figure 6.1d). 32, 33 Afterwards, the ZnO@CNT was mixed with aqueous
binder and then printed into controlled dense line patterns on a carbon paper (CP) current
collector.34-36 To achieve the vertically-aligned structured 3D-VALi host, the printed
patterns were freeze-dried after printing. Due to the anisotropic crystal growth kinetics, the
ice presents a lamellar structure during the freeze-drying process, which applied as the insitu templates to divide the patterns into numerous vertically-aligned micro-walls (Figure
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S6.2).37, 38 During Li plating process, the Li is preferably deposited on the lithophilic microwalls instead of depositing on the surface of lithiophobic CP current collector, resulting in
a “nucleation within micro-channel walls” process. According to previous reports, such a
unique “side deposition” can significantly lower the risk of internal short-circuiting. 31, 39,
40

What’s more, those micro-walls provide a large specific surface area for Li deposition

sites, greatly reducing the local current density. Among the micro-walls are verticallyaligned micro-channels. As shown in Figure 6.1b~c and Figure 6.1e, the micro-walls and
the micro-channels exhibit thicknesses of 10 µm and 35µm, respectively, and the total
thickness of the host is 410 µm. Due to the lithophilic property of ZnO, the Li metal is
easily infused into the 3D host and the whole Li infusion process only costs 12s (Figure
S6.3). After the Li infusion, the morphology of the 3DP-VALi is checked by SEM. As
shown in Figure 6.1f~g, the broadened micro-walls from 10 µm to 20 µm and reduced
width of the micro-channels from 35 µm to 25 µm suggest that Li is successfully filled into
the 3D structure. Moreover, it is noteworthy that there are some micro-channels are still
maintained for Li accommodation, facilitating Li+ transport and alleviating volume change
during the plating/stripping process, which helps enhance the cycling life and improve the
operating current density/areal capacity as well.

Figure 6.2 Electrochemical performance of lithium symmetric cells with ether electrolyte.
3DP-VALi and bare Li symmetric cells cycled at a current density of 1 mA cm-2 and 1 mA
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h cm-2 (a). Rate capability testing with current densities from 0.5 to 10 mA cm-2. (b),
Symmetric cell cycling at a current density of 10 mA cm-2, 10 mA h cm-2 (c), and 5 mA
cm-2, 20 mA h cm-2 (d). Comparison of this work with other lithium symmetric cell from
literature (e, f).
The Li plating/stripping behavior and electrochemical performance of 3DP-VALi is
studied though Li-Li symmetrical cells, where bare Li is chosen for comparison. Figure
6.2 shows 3DP-VALi and bare Li symmetrical cells in an ether-based electrolyte with 50
μL electrolyte (1 M Li Lithium bis (trifluoromethanesulfonyl) imide (LITFSI) in 1, 3dioxolane (DOL)/dimethyl ether (DME) of 1:1 volume ratio with 1 wt.% LiNO3). In
Figure 6.2a, with a current density of 1 mA cm-2 and a capacity of 1 mAh cm-2, both of
the cells exhibit excellent cycling stability in the first 1100 h with overpotentials around 10
mV (3DP-VALi) and 32 mV (bare Li), respectively. After 1500 h, the overpotential of bare
Li increases sharply to over 105 mV, while the 3DP-VALi is able to maintain its cycling
stability. Even after 3000 h, the overpotential of 3DP-VALi is only 16 mV with negligible
change. Furthermore, the rate capability is studied at various current densities ranging from
0.5 to 10 mA cm-2 (half cycling time: 1 h). As shown in Figure 6.2b, the 3DP-VALi shows
lower overpotentials at all current densities, which can be attributed to the large surface
area provided by 3DP-VALi that reduces the local current density. The impedance
spectroscopy measurements conducted on the symmetric cells illustrate that the 3DP-VALi
anode has a significantly smaller resistance compared to bare Li (Figure S6.4), which
coincides well with the lower polarization observed in the voltage profiles. It should be
noted that the 3DP-VALi displays stable plating/stripping behavior, even at an ultrahigh
current density of 10 mA cm-2 with a relatively low overpotential around 0.4 V. On the
contrary, the occurrence of short-circuits is observed in the bare Li cell when the current
density increases to 8 mA cm-2, which can be attributed to the non-uniform Li deposition
and serious Li dendrite growth at high current densities. It is well known that the cycling
life, operating current densities and areal capacities play important roles in design and
development of high energy/power density rechargeable batteries. Accordingly, the
plating/stripping behavior of 3DP-VALi under elevated current densities (5 and 10 mA cm2

) and areal capacities (10 and 20 mAh cm-2) is explored. Promisingly, the 3DP-VALi

anode achieves stable plating/stripping performance at those elevated current
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densities/areal capacity for 1500 h (10 mA cm-2, 10 mAh cm-2, Figure 6.2c) and 400 h (5
mA cm-2, 20 mAh cm-2, Figure 6.2d) with overpotentials of around 710 mV and 150 mV,
respectively. The significantly improved electrochemical performance of Li-Li symmetric
cells with 3DP-VALi can be attributed to the “nucleation within micro-channel walls” and
unique structure of 3DP-VALi that can accommodate the large Li cycling, reducing local
current density, alleviate volume change and suppress the Li dendrite growth. Furthermore,
the cycling performance of the 3DP-VALi electrodes are superior to recent publications
with respect to cycling life, operating current density and areal capacity, as shown in
Figure 6.2e~f and Table S6.1.

Figure 6.3 Schematic illustration of the lithium plating and stripping process of 3DP-VALi
(a) and bare Li (b). SEM images of surface morphology evolution of 3DP-VALi and bare
Li anode after 1 mA h cm-2 (c), 3 mA h cm-2 (d), 5 mA h cm-2 (e) of Li deposition, and
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after one plating and stripping cycle after 5 mA h cm-2 (f). (g) The voltage profile indicated
the Li plating and stripping states at a current density of 1 mA cm-2, corresponding to (cf).
To clarify the Li plating/stripping behavior of the 3DP-VALi anode, the surface
morphology of the anodes at different stages of cycling is observed by SEM. As illustrated
in Figure 6.3a and displayed in Figure 6.3c~e, it can be clearly observed that Li is initially
deposited on the micro-walls of the 3DP-VALi due to the lithiophilic surface, resulting in
selective “nucleation within micro-channel walls”. When the Li plating capacity increases
from 1 to 5 mAh cm-2, the micro-channels are gradually filled. It is noteworthy that no Li
is found on the top surface, which is in agreement well with Cui and Zhang’s COMSOL
simulations.30, 31 After increasing the plating capacity to 10 mAh cm-2, the micro-channels
are completely filled (Figure S6.5a). In contrast, for the bare Li shown in Figure 6.3b,
there is preferential nucleation at defects, where higher localized current densities are
realized, leading to non-uniform Li deposition and undesirable Li dendrite growth.
Interestingly, significant differences between the 3DP-VALi and bare Li can also observe
during the stripping process. The Li occupation in the 3DP-VALi porous structure is highly
reversible and it can be completely dissolved during the stripping process (Figure 6.3f and
Figure S6.5b), which is meant to prolong the cycling life of Li-Li symmetric cells.
Nevertheless, a highly irreversible stripping process is observed for bare Li. After stripping,
a rough surface is obtained and lots of Li pits are observed. The inhomogeneous and
irreversible Li plating/stripping process is the main reason for the Li dendrite growth, dead
Li formation and limited cycling life of the Li-Li symmetric cells. The differences between
the Li plating/stripping process of 3DP-VALi and bare Li further highlights the merits of
3DP-VALi in inhibiting Li dendrite growth and clarifies the improvements of the Li-Li
symmetric cell performance.
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Figure 6.4 Electrochemical performance of full cells. (a) KB@S/3DP-VALi and KB@S/Li
rate performance from 0.1C to 1 C (sulfur loading: ~2.2 mg cm-2). (b) Charge and discharge
profile of KB@S/3DP-VALi at different rates. (c) KB@S/3DP-VALi and KB@S/Li long
cycling performance at 1C. (d) LFP/3DP-VALi and LFP/Li cycling performance at 1C
(LFP loading: ~ 13.6 mg cm-2).
To further demonstrate the unique properties of the 3DP-VALi, the electrochemical
performance of two different energy storage systems using 3DP-VALi and bare Li anodes
is investigated.41,

42

The Li-S coin cells are firstly tested under galvanostatic

charge/discharge current densities in the range of 0.1 to 1C between 1.7 V and 2.8 V, where
same ether electrolyte in Li-Li symmetric cells is applied as the electrolyte and sulfur
content is determined to be 64 wt.% (Figure S6.8). As illustrated in Figure 6.4a, the 3DPVALi-based Li-S cells present better rate-performance compared with bare Li. At a rate of
1C, the 3DP-VALi-based Li-S cell delivered a high capacity of around 800 mAh g-1, which
is higher than its counterpart. The improved C-rate performance can be attributed to the
fast Li+ transport in the micro-channels of 3DP-VALi, thus leading to lower resistances and
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lower overpotentials.41 As displayed by the EIS results shown in Figure S6.9, the cell
assembled with 3DP-VALi exhibits a low charge transfer resistance (Rct) of 48 Ω, which
is 2/3 of that found for the cell using bare Li anode. Under a current density of 1 C, the cell
using 3DP-VALi anode delivers a low overpotential about 0.45 V (Figure 6.4b), whereas
that of the cell with bare Li anode is 0.5 V (Figure S6.10), indicating the lower energy
barrier of Li stripping/plating with 3DP-VALi anode in Li-S batteries. Moreover, the
cycling performance of the cells assembled with 3DP-VALi and bare Li anodes are tested
under a C-rate of 1C. As shown in Figure 6.4c, after fast capacity decay in the first 5 cycles
at 0.1C, the cells using 3DP-VALi and bare Li anodes delivers reversible capacities of
around 935 and 580.1 mAh g-1 ( Figure S6.11, operating C-rate:1 C), respectively. The
cell using 3DP-VALi anode displays very stable cycling with reversible capacity of
756.1mAh g-1 after 250 cycles, corresponding to a high capacity retention of ~81% and a
low capacity attenuation of 0.078% per cycle. In comparison, the cell using bare Li anode
shows much lower reversible capacity and faster capacity decay, which is 390.1 mAh g-1
after cycling. The results further confirm that the 3DP-VALi with its unique “sidedeposition” process can remarkably increase the cycle life of the Li anode and improve the
reversible capacity and rate-performance of Li-S batteries through enhanced Li+ transport
and dead Li/Li dendrite suppression. Moreover, for the carbonate electrolyte system,
LiFePO4 (LFP) is chosen as the cathode materials to demonstrate the merits of 3DP-VALi
anode. As shown in Figure 6.4d, in the bare Li-based Li-LFP cell, the cell happens to short
circuit after 340 cycles. Conversely, using 3DP-VALi as the anode, the Li-LFP maintains
an extremely stable capacity of around 130.2 mAh g-1 after 800 cycles.

6.4 Conclusion
To conclude, we have developed a 3D printed vertically aligned Li anode (3DP-VALi) with
well-controlled micro-scale features for selective “nucleation within micro-channel walls”,
which can successfully suppress Li dendrites. Li preferably nucleates and grows on the
surface of the lithiophilic micro-walls, where the vertically aligned micro-channels are able
to facilitate Li+ transport, and further provide large space for Li accommodation. The LiLi symmetric cells assembled with 3DP-VALi anodes achieve an ultra-long cycling life of
3000 h at current density of 1 mA cm-2 with capacity limit of 1 mA h cm-2. Furthermore,
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ultra-high plating/stripping current densities/capacities of 10 mA cm-2 /10 mA h cm-2 and
5 mA cm-2 /20 mAh cm-2 are realized with a long cycle life of 1500 h and 400 h, respectively.
To the best of our best of knowledge, these results demonstrate the highest areal capacity
and cycle life in Li-Li symmetric cell format. We believe that the selective “nucleation
within micro-channel walls” in the 3D vertically aligned structure with controllable Li
growth orientation can effectively suppress the metal dendrites (such as Li), achieving a
series of dendrite-free metal anodes and paving the way energy storage devices with high
energy/power density.
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6.7 Supporting Information

Figure S6.1 XRD curve of CNT@ZnO composite.

Figure S6.2 Optical images of 3D-printed 3DP-VALi host.

Figure S6.3 Optical images of CNT@ZnO molten Li process.
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Figure S6.4 Impedance testing for 3DP-VALi and bare Li foil symmetric cell-based ether
electrolyte before cycling.

Figure S6.5 SEM images of Bare Li (top) and 3DP-VALi (bottom) symmetric cell-based
ether electrolyte after 10 mAh cm-2 plating (a) and striping (b) under current density of 1
mA cm-2.
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Figure S6.6 Electrochemical performance of lithium symmetric cells based on carbonate
electrolyte. 3DP-VALi and bare Li symmetric cells cycled at current density of 1 mA cm2

and 1 mA h cm-2 (a), 3 mA cm-2, 3 mA h cm-2 (b), different current densities from 0.5 to

4 mA cm-2, 4 mA h cm-2 (c), Comparison of this work with other lithium symmetric cell
(d, e).
In order to demonstrate the designed 3DP-VALi is also suitable for carbonate electrolyte.
Another carbonate electrolyte (50 μL, 1 M LiPF6 in ethylene carbonate (EC)/diethyl
carbonate (DEC)/dimethyl carbonate (DMC) of 1:1:1 volume ratio with 10% FEC) is used
to demonstrate the universal applicability of the 3DP-VALi anode. Figure S6.6a~b
presents the cycling stability of 3DP-VALi and bare Li anodes operating at current
densities of 1 and 3 mA cm-2, where the capacities are controlled at 1 and 3 mAh cm-2,
respectively. As can be seen from the figure, both of the anodes can tolerate a relatively
low current density of 1 mA cm-2 and both cells can operate for over 500 h with negligible
change in voltage hysteresis. When increasing the current density to 3 mA cm-2, the voltage
hysteresis of bare Li is unstable and a short-circuit takes place after 200 h. In contrast, the
3DP-VALi cells exhibit much smaller voltage hysteresis and more stable plating/stripping
behavior for more than 400 h. From the rate-performance investigation in Figure S6.6c, it
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is found that the 3DP-VALi anode demonstrates smooth plating/stripping profiles, even at
a high current density/areal capacity of 4 mA cm-2/4 mAh cm-2. The high current density
and areal capacity is also superior to recent publications listed in Figure S6.6d~e. However,
the bare Li depicts soft short-circuits and displays fluctuation plating/stripping profiles
when the current density is higher than 3 mA cm-2. Moreover, it should be noted that the
3DP-VALi delivered a lower voltage hysteresis at all tested current densities, which further
exemplifies the ability of the electrode microstructure to lower the localized current density
by the high surface area micro-walls. Similar to the ether-based electrolyte, the Li
plating/stripping behavior is also observed by ex-situ SEM. As shown in Figure S6.7, the
selective “nucleation within micro-channel walls” and highly reversible stripping process
in 3DP-VALi is also available in the carbonate electrolyte, highlighting its universal
applicability.

Figure S6.7 SEM images of 3DP-VALi and Bare Li symmetric cell based carbonate
electrolyte after 1 mA h cm-2 plating (a, b), 3 mA h cm-2 plating (c, d), and 3 mA h cm-2
striping (e, f) under current density of 1 mA cm-2.
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Figure S6.8 TGA curve of KB@S composite.

Figure S6.9 Impedance testing for KB@S/3DP-VALi and KB@S/Li full cell before
cycling.

Figure S6.10 KB@S/Li full cell cycling voltage profile under various rates from 0.1 C to
1 C.
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Figure S6.11 KB@S/3DP-VALi and KB@S/Li full cell cycling voltage profile under rate
of 1 C.
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Chapter 7
3D-Printed Ultra-high Se loading Cathode for High
Energy Density Quasi-Solid-State Li-Se Batteries*
Quasi-solid-state lithium-selenium batteries (QSSLSEBs) assembled with gel polymer
electrolytes (GPEs) is a promising class of next-generation rechargeable batteries due to
its safety, high energy density and shuttle-free charging/discharging process. Nevertheless,
both poor Li+ transport in thick electrodes and Li dendrite growth limit the improvements
of the current density as well as Se loading, resulting in low energy/power densities. Herein,
we proposed to combine a 3D-printed carbon nanotube (CNT) interlayer to protect Li
anode with 3D-printed Se cathode (named as 3DPSe) filled with GPEs in high Se loading
cathodes to achieve ultra-high energy/power-density QSSLSEBs. Benefitting from the 3Dprinted CNT interlayer in suppressing Li dendrite, the Li-Li symmetric cell stably runs for
400 h (3 mA cm-2, 3 mA h cm-2), which is almost one order of magnitude longer than the
interlayer-free cell. Moreover, the 3DPSe acts as a host for GPEs impregnation to fabricate
interconnect Li+ transport channels in thick Se cathode, enabling fast Li+ transport.
Accordingly, the QSSLSEB assembled with an ultra-high Se loading of 20 mg cm-2
delivers the highest reported areal capacity of 12.99 mA h cm-2 at 3 mA cm-2. This work is
expected to open promising opportunities to develop other high-energy/power-density
solid-state lithium batteries (SSLBs).

*A version of this chapter has been publised in Journal of Materials Chemistry A, 2020,
8, 278-286
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7.1 Introduction
The increasing demands of portable electronic devices and electric vehicles have largely
placed emphasis on developing high energy density rechargeable batteries.1-5 Since CMK3 was reported as a sulfur host, lithium sulfur (Li-S) batteries have received great attention
due to their high theoretical gravimetric energy density (2570 W h kg-1), which is 3~5 times
that of the state-of-the-art Li-ion batteries.6-8

Nevertheless, Li-S batteries are still

confronted with several issues preventing their practical applications such as low
conductivity of sulfur (5 ×10-28 S m-1) and the “shuttle effect” caused by the high solubility
of polysulfides.9-12 Tremendous efforts have been focused on solving the aforementioned
issues, but a solution is still far from large-scale practical production and
commercialization. Accordingly, some researchers also explore lithium selenium (Li-Se)
batteries, because selenium (Se) is an element in the same main group as S in the periodic
table.13-15 Compared with S, Se, a semiconductor shows a higher electronic conductivity of
1 × 10-5 S m-1, 1022 higher than S, enabling Li-Se batteries with high electrochemical
kinetics. Moreover, Li-Se batteries possess comparable volumetric capacity to Li-S (3253
mA h cm-3 vs 3467 mA h cm-3).16, 17 More importantly, it has been widely accepted that LiSe batteries undergo a solid-state lithiation process, a polyselenides-free process in a
carbonate electrolyte.15,

18

In other words, there is no “shuttle effect” during the

charging/discharging process, contributing to a high utilization of Se and prolonged cycling
life.15 Therefore, Li-Se batteries show promising application as next-generation
rechargeable batteries.
In the last few years, most of the achievements made in Li-Se batteries are based on liquid
electrolyte systems.19-22 Issues like leakage, flammability and electrochemical instability
of liquid electrolyte have triggered safety issues as well as restrictions on the practical
application of Li-Se batteries.23 Hence, solid-state lithium batteries (SSLBs), replacing
liquid electrolytes with high-stability and inflammable solid-state electrolytes (SSEs), have
been regarded as a good choice for further application in terms of safety.24-26 Recently, our
group developed an all-solid-state Li-Se battery (denoted as ASSLSEB) with sulfide-based
SSEs and had achieved excellent cycling stability with a capacity retention of 90% within
100 cycles.27 However, the relatively low ionic conductivity of Li3PS4 (3× 10-4 S cm-1)
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limited the improvement of the current density (50 mA g-1) as did the Se loading (3 mg cm2

); both of which can not meet the requirements of high-energy/power-density SSLSEBs.28

Thus, further exploration of higher ionic conductive SSEs combined with higher loading
Se cathodes, in addition to operating the SSLSEB at a reasonable current density, is of
significance. Gel polymer electrolytes (GPEs), a kind of quasi-SSEs, exhibit high ionic
conductivities and excellent wetting capabilities, and are able to reduce the interfacial
resistance.29-31 Moreover, GPEs show high flexibility, available scalability, and high safety,
showing promising properties that enable QSSLSEBs to be operated at reasonable current
densities with high Se loadings. Despite their fantastic properties, the poor mechanical
strength that can not effectively suppress the Li dendrite should be tackled when combining
them with high Se loadings and operating at high current densities.30, 32
Herein, an ultra-high energy/power density QSSLSEB was realized by combining a 3Dprinted CNT interlayer with high Se-loading GPE-filled cathodes. Thanks to the 3Dprinted CNT interlayer in suppressing Li dendrite, the Li-Li symmetric cell stably runs for
400 h (3 mA cm-2, 3 mA h cm-2). Furthermore, high Se loading cathodes with Se loadings
of 4~20 mg cm-2 are realized by the 3D-printing technique based on the layer-by-layer
structure.33-37 The as-prepared 3D printed Se cathodes are henceforth labelled as 3DPSe-x,
where x is the Se loading. To facilitate the Li+ transport in the thick electrodes, high ionic
conductive GPE with an ionic conductivity of 2.8 ×10-3 S cm-1 is impregnated into the 3Dprinted grid structure to fabricate the interconnected Li+ transport channels. Benefitting
from the high ionic conductivity of the GPE, interconnected Li+ transport channels built in
the thick Se cathodes, and the lithium anode protection of CNT interlayer, the QSSLSEBs
delivered a highest reported areal capacity of 12.99 mA h cm-2 for the 3DPSe-20 cathode
at a high current density of 3 mA cm-2. More importantly, the 3DPSe-4 exhibits excellent
rate performance and deliver a high capacity of ~400 mA h g-1 at a high current density of
10 mA cm-2. This study opens a new window for high-energy/power-density SSLBs with
high active materials loadings via 3D printing, which will shed light on the development
of other SSLBs such as Li-ion, Li-S and Li-O2 batteries.
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7.2 Experimental section
Synthesis of Se/C composition: Se power and BP-2000 carbon material with a weight
ratio of 5:5 was mixed together and then put into a mortar for grinding 30 min. After that,
the mixture was heated at 260 ℃ for 12 h in a tube furnace under an Ar atmosphere. Then
they were heated at 350 ℃ for 3 h to remove residual Se on the surface of the composite
to achieve Se/C composites. After cooling to room temperature, the final Se/BP-2000
composite with a Se content of 48.2 wt. % was obtained.
Synthesis of 3DPSe cathodes with different Se loading: The printing process was
performed using a custom-made 3D printer equipped with 3-axis micro positioning stage
based on preprogrammed pattern procedure (FFF Delta 3D printer). The printing ink was
fabricated by mixing Se/C, acetylene black (AB), carbon nanotubes (CNTs, diameter of
40~60 nm, length of 2 μm) and sodium alginate at a weight ratio of 7: 1: 1: 1 with additional
DI water. This mixture was put into Mixer machine to stir for 1h. After that, the ink was
loaded into a 3 mL syringe and extruded through a 150 μm diameter nozzle. During the
printing process, the grid pattern was preprogrammed with an overall diameter of 1 cm,
coupled with a printing speed of 6 mm s-1. After printing, the printed Se/C cathode with
different layers was firstly frozen in refrigerator at -20 ℃ to keep a good structure, and
then freeze dried for 24 h to remove water. Finally, 3DPSe-4 (Se loading: 4 mg cm-2),
3DPSe-10 (Se loading: 10 mg cm-2) and 3DPSe-20 (Se loading: 20 mg cm-2) were obtained
with 2 layers, 5 layers and 10 layers, respectively.
Fabrication of CNT interlayer: Firstly, carbon nanotubes (CNTs, diameter of 40~60 nm,
length of 2 μm) and PVDF-HFP (Poly-vinylidene fluoride-co-hexafluoropropylene) with
a weight ratio of 8.5: 1.5 were mixed with N, N-Dimethylformamide (DMF) to form an
ink. The as-prepared CNT ink was then loaded into a 3 mL syringe and extruded through
a 200 μm diameter nozzle. The 3D-printed CNT interlayers (denoted as CNT) were printed
by 3D printer with a dense layer, which was preloaded into printing program with a
diameter of 10 mm at a print motion speed of 5 mm s-1. After printing, the CNT interlayer
was put in a freeze drier for 24 h. Finally, a freestanding CNT was obtained - an interlayer
that can effectively protect Li anode during lithiation and delithiation cycling process.
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Fabrication of BCSe cathodes：A blade-casting method was used to coat the Se/C slurry
by using the same printing Se/C slurry on the surface of Al foil. The blade casted Se/C
(denoted as BCSe) cathodes with Se loadings of 4 mg cm-2, 10 mg cm-2 and 20 mg cm-2
were obtained by controlling the thickness of 300 μm, 750 μm and 1500 μm, respectively.
After that, they were dried by freeze drying. Finally, BCSe-4, BCSe-10 and BCSe-20 were
obtained to be counterparts.
Fabrication of gel-polymer: First, 6 g of PVDF-HFP was dispersed in 44 g DMF solution
by stirring 24 h to obtain 12 % PVDF-HFP solution. Then 1.5 g of SiO2 nanoparticles were
added into above solution by stirring 24 h. After that, the obtained gel-polymer was coated
on a clean glass substrate by controlling the thickness of 150 μm. Subsequently, the gel
polymer was immersed in a water coagulation bath for 20 min (phase inversion process)
and put into a freeze drier for 24 h. Finally, a freestanding gel-polymer was obtained by
cutting it into circular shapes (diameter: 16 mm).
Fabrication of 3DPSe/gel-polymer electrolyte (3DPSe/GPE) composites: First, the
prepared gel-polymer solution was added into a Teflon plate. And then the 3DPSe-4,
3DPSe-10 and 3DPSe-20 were immersed into this solution for 30 min. After that, we
immersed the Teflon plate in a water coagulation bath for 30 min and then put the gelpolymer in freeze drier for 24 h. Finally, a 3DPSe/ gel-polymer electrolyte (named as
3DPSe/GPE) composites were obtained by cutting it into circular shapes (diameter: 10
mm).
Fabrication of gel-polymer electrolyte (GPE): The prepared gel-polymer was immersed
into electrolyte [10 % fluoroethylene carbonate (FEC) in 1.0 M LiPF6 in EC/DEC=50/50
(v/v) by volume] for 2 h. These membrane samples were taken out and wiped out by filter
paper. After that, they were dried in glovebox for 2 h before use. The electrolyte uptake of
the membranes can be obtained on the weight difference between the dried gel-polymer
and swollen gel-polymer electrolyte by the equation as follow:
Electrolyte uptake = (Wwet - Wdry) ÷Wdry × 100%
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Where Wwet, Wdry are the weight of wet GPE and dry GP, respectively. Therefore, the
electrolyte uptake of gel-polymer is: (516mg-148mg) ÷148mg × 100% =249%
Materials Characterization: The morphology of the samples was examined by a Hitachi
S4800 SEM operated at 15 eV. The X-ray diffraction (XRD) patterns of the samples were
recorded for 2θ ranging from 10° to 90° on Bruker AXS D8 Advance with Cu Kα radiation
(λ = 1.54178 Å).The weight content of Se/C composite was measured with TGA, which
was carried out in N2 atmosphere in the range of 20 to 600 ℃ by a SDT Q600
thermogravimetric analyzer (TGA instrument).
Electrochemical Measurements: the electrochemical performance of the 3DPSe cathodes
and BCSe cathodes with different Se loadings were assembled with CR2032 coin cells in
an Ar-filled glovebox. The cathode and Li anode were separated by a GPE with and without
CNT interlayer protection of Li metal, the cells were named as Li/CNT|GPE|3DPSe-x and
Li|GPE|3DPSe-x with different Se loading, respectively. The cycling performance of the
assembled batteries were tested using a LAND battery testing station, by applying different
currents.
Electrochemical impedance spectroscopy (EIS) were tested at open-circuit with a
frequency range of 5.0×105 Hz to 1.0×10-2 Hz on a versatile multichannel potentiostation
3/Z (VMP3). The charge-discharge tests were carried out using a LAND CT-2001A system
with voltages between 0.8 V to 3 V at room temperature. Unless otherwise specified, the
specific capacities reported in this work were calculated based on Se and the voltages vs.
Li+/Li.
The cycling stability test: A symmetric cell was assembled in a CR 2032-type coin cell.
The GPE was used as the electrolyte. And bare Li metal electrode or CNT/Li composite
electrode was used as the working electrode and the counter electrode. The cell measured
in repeating discharge/charge at a current density of 1 mA cm-2 and 3 mA cm-2 with an
areal charge of 1 mA h cm-2 and 3 mA h cm-2, respectively. The current density was based
on the area of the electrodes. The cycling stability of anodes was evaluated according to
the stability of voltage hysteresis.
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7.3 Results and Discussion

Figure 7.1 Schematic of design concept and fabrication process of 3D-printed QSSLSEB.
Figure 7.1 shows the scheme of a QSSLSEB based on 3D-printed Se/C host filled with
GPE, where the GPE can facilitate Li+ transport in the cathode. The Se/C composite was
fabricated via a simple melt-diffusion method.38, 39 The X-ray diffraction (XRD) patterns
in Figure S7.1 and thermogravimetric analysis (TGA) curve in Figure S7.2 confirm that
Se is well-confined in the pores of BP2000 and the Se content is around 50 wt.%. After
that, the Se/C composite, sodium alginate (SA), carbon nanotube (CNT), and acetylene
black (AB) with a weight ratio of 7: 1: 1: 1 are dispersed/dissolved into water to form the
ink for 3D printing. The layer-by-layer deposition of Se-loaded ink realized grid structured
cathodes, named as 3DPSe-x (x is the Se loading, Figure S7.3). Figure 7.2 displays the
printed structures and morphologies of the 3DPSe-x cathodes with 2, 5 and 10 layers.
Obviously, the distance between two neighboring filaments is about 250 μm, which forms
250×250 μm2 square pores (Figure 7.2a~c). These pores act as hosts for GPE impregnation,
facilitating Li+ transport in the 3DPSe-x electrodes. In addition, the cross-section images
of Figure 7.2d~f demonstrates that the thickness of each layer is well controlled at around
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150 μm, corresponding to one printed layer with a Se loading of 2 mg cm-2. In other words,
the 2, 5, and 10 layers of 3DPSe-x cathodes possess thicknesses of around 300 μm, 750 μm
and 1500 μm, corresponding to Se loadings of 4, 10 and 20 mg cm-2, respectively.
Obviously, the filaments are closely stacked to ensure fast electron transport in the thick
electrodes. Figure 7.2g-k shows a higher magnification of the 3DPSe cathode (Figure 7.2g)
and corresponding EDS mappings (Figure 7.2h-k), demonstrating uniform element
distribution of C, Na, and Se. Before assembling cells, the 3DSe-x cathodes were immersed
in GPE (Figure S7.4a, 4b) to create continuous Li+ transport channels in the 3DPSe-x
electrode. The associated SEM images are shown in Figure S7.4c-g. It is evident that GPE
is uniformly distributed in the whole 3DPSe-x cathode (Figure S7.4c-g), thus further
ensuring fast Li+ transport. To improve the safety of Li-Se batteries, a PVDF-HFP-based
GPE was obtained by a phase inversion method and activated with carbonate electrolyte.7,
40

The thickness of the gel polymer electrolytes were determined to be 164 μm (Figure

S7.5). Benefitting from the high electrolyte uptake of 249 %, the as-prepared GPE shows
a high ionic conductivity of 2.8 ×10-3 S cm-1 (Figure S7.6). Considering the fast Li+/etransport in the 3DPSe-x electrode and high ionic conductivity of the GPE, excellent
electrochemical performance of assembled QSSLSEBs can be expected.
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Figure 7.2 Characterization of 3DPSe with 2, 5, and 10 layers. (a-c) Top view SEM images
of (a) 3DPSe-4, (b) 3DPSe-10 and (c) 3DPSe-20 (4, 10, and 20 represent Se loading). The
inlaid images show digital photographs of the corresponding printed Se/C cathode. (d-f)
Cross section view SEM images of (d) 3DPSe-4, (e) 3DPSe-10 and (f) 3DPSe-20. (g-k)
SEM images with high magnification of printed Se/C cathode and corresponding elemental
EDS spectrum of C, Na and Se distribution.
To inhabit the GPE penetrated by the Li dendrite and to enhance the safety of the
QSSLSEBs, a 3D-printed CNT interlayer (Figure S7a, b) with a thickness of around 200
μm (Figure S7c-e) is introduced between the Li anode and the GPEs. To evaluate the effect
of CNT in suppressing Li dendrite, the Li-Li symmetric cells assembled with bare Li and
Li/CNT are evaluated and the configuration are shown in Figure 7.3a. Figure 7.3b
exhibited the plating/stripping behavior of Li/CNT and bare Li at a current density of 1 mA
cm-2 (charge/discharge time: 1 h). After activation in the first few cycles, the cell assembled
with bare Li exhibited an overpotential of around 185 mV due to mass-transfer resistance.
Intermittent short-circuiting after 110 h and complete short-circuiting after 120 h is
observed, which can be attributed to the poor mechanical properties of the GPE as well as
non-uniform Li deposition. In contrast, the cell assembled with Li/CNT showed excellent
cycling stability, where the overpotential was kept at 71 mV during 800 h of stripping and
plating. When further increasing the current density to 3 mA cm-2 (charge/discharge time:
1 h), the overpotentials of the bare Li and Li/CNT cells both increased to 500 mV and 290
mV, respectively (Figure 7.3c). Due to the more serious Li dendrite growth at high current
densities and high areal capacities, the cell assembled with bare Li was only able to stably
run for 37 h. After that, the overpotential was sharply reduced to around 0 V and a short
circuit was observed. Promisingly, the cell assembled with Li/CNT achieved stable
plating/stripping performance at an elevated current density of 3 mA cm-2 for 400 h with
an overpotential that slightly increased to 400 mV. The excellent electrochemical
performance of the Li-Li symmetric cells demonstrated the potential to enable high loading
QSSLSEBs with excellent electrochemical performance.
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Figure 7.3 (a) Schematic diagrams of 3D printing CNT as interlayer (named as CNT) for
protecting Li metal. Galvanostatic discharge/charge voltage profiles of bare Li and CNT/Li
electrodes in symmetric coin cells at (b) 1 mA cm-2 and (c) 3 mA cm-2 with a
stripping/plating capacity of 1 mA h cm-2 and 3 mA h cm-2 for 400 cycles and 200 cycles,
respectively. The inlaid graphs in (b, c) are enlarged typical profiles of bare Li and Li/CNT
electrode.
To understand the effects of the 3D-printed CNT interlayer during plating/stripping, the
Li-Li symmetrical cells operated at a current density of 1 mA cm-2 were disassembled and
the morphology of Li anodes were characterized by SEM. As can be seen from Figure
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S8a-b, at the first plating, Li deposited on the bare Li surface exhibited a mossy-like
morphology, which can be attributed to the inhomogeneous nucleation and growth.41 In
contrast, no mossy-like or dendritic Li was observed and a smooth surface was obtained
on the Li/CNT anode (Figure S8c-d), enabling desirable uniform charge distribution via
the CNT interlayer.42, 43 The difference between the two anodes enlarged during the longterm cycling. After 121 h, a fragile and mossy Li layer was detected on the surface of the
bare Li and the thickness is 55 μm (Figure S9a~c). Mossy Li layers are the main cause of
low Coulombic Efficiency (CE) and major safety risks in lithium batteries. In comparison
with bare Li, the corrosion of the Li anode is significantly reduced with the assistance of
the CNT interlayer. The thickness of the mossy Li layer is around 20 μm (Figure S9d-f),
about 1/3 of the bare Li. It can be thus inferred that the printed CNT interlayer is beneficial
for enabling uniform charge distribution, preventing Li corrosion, and Li dendrite
formation. Hence, better electrochemical performance of QSSLSEBs is realizable.

Figure 7.4 Electrochemical performance of QSSLSEBs with the 3DPSe-4 cathodes
(Li/CNT|GPE|3DPSe-4 and Li |GPE|3DPSe-4). (a) Cycling performance at a current
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density of 1 mA cm-2 and corresponding CEs. (b) discharge/charge voltage profile of
Li/CNT|GPE|3DPSe-4 at current density of 1 mA cm-2. (c) Rate performance at current
densities ranging from 0.5 mA cm-2 to 10 mA cm-2 and corresponding CEs. (d)
Discharge/charge profiles of Li/CNT|GPE|3DPSe-4 at different current densities ranging
from 0.5 mA cm-2 to 10 mA cm-2. (e) Long cycling performance of Li/CNT|GPE|3DPSe-4
at a current density of 3 mA cm-2. (f) Schematic illustration of 3DPSe-x cathode for
promoting Li+ immigration in a QSSLSEB model.

Figure 7.5 Cycling performance of full cell of Li/CNT|GPE|3DPSe-x (x are 10 and 20). (a)
Cycling performance of Li/CNT|GPE|3DPSe-10 at current densities of 1 mA cm-2 and 3
mA cm-2 for 100 cycles. (b) Cycling performance of Li/CNT|GPE|3DPSe-20 at current
density of 3 mA cm-2. (c) Comparison of areal capacity based on Se loading with recent 6
years publications and our reports on Li-Se batteries (d) Rate capability curves of
Li/CNT|GPE|3DPSe-x (x are 10 and 20) at various densities from 0.5 mA cm-2 to 10 mA
cm-2. (e) Galvanostatic discharge and charge curves of Li/CNT|GPE|3DPSe-20 at various
densities from 0.5 mA cm-2 to 10 mA cm-2. (f) Comparison of areal capacity based on
different current densities with recent 6 years of works in Li-Se batteries.
The different Li deposition behaviors with and without the printed CNT interlayer were
verified by the electrochemical performance of QSSLSEBs with 3DPSe-x as the cathodes.
The cycling performances of QSSLSEBs assembled with bare Li and Li/CNT anode,
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labeled as Li|GPE|3DPSe-x and Li/CNT|GPE|3DPSe-x, respectively, were tested at a
galvanostatic current density of 1 mA cm-2 in the voltage range of 0.8~3 V. As exhibited
in Figure 7.4a, both of the cells with a Se loading of 4 mg cm-2 delivered a high initial
capacity of around 654 mA h g-1 and retained a reversible capacity of around 600 mA h g1

at the second cycle. It should be noted that the Li/CNT|GPE|3DPSe-4 cell maintained

high and stable CEs of around 100% within 200 cycles, while the CE of Li|GPE|3DPSe-4
cell suddenly dropped to around 30% at the 5th cycle from 100% at the 4th cycle. As the
electrolyte and cathode were identical among the two cells, the dramatic difference in CE
can be attributed to the different anodes in the two cells. Although under the high capacity
of 650.0 mA h g-1, corresponding to an areal capacity of 2.6 mA h cm-2, as delivered by the
Li|GPE|3DPSe-4 cell, the GPE was not able to meet the demand in suppressing the Li
dendrite, as illustrated by the Li-Li symmetrical cells. In this regard, a short circuit occurs,
which is demonstrated by the charge/discharge profiles in Figure S7.10. On the contrary,
the Li/CNT|GPE|3DPSe-4 cell retained high CEs of around 100% during the whole
charge/discharge process as shown in Figure 7.4b. A high capacity of 538.1 mA h g-1 was
retained after 200 cycles, corresponding to a capacity attenuation of 0.042% from 585.9
mA h g-1 (5th cycles) to 538.1 mA h g-1 (200th cycles), which further confirmed the strong
capability of the CNT interlayer in suppressing Li dendrite growth. In order to further
demonstrate the Li dendrite suppression capability of the CNT interlayer, rate performance
of Li/CNT|GPE|3DPSe-4 and Li|GPE|3DPSe-4 cells were performed at various current
densities from 0.5 mA cm-2 to 10 mA cm-2 (Figure 7.4c). The Li/CNT|GPE|3DPSe-4 cell
delivered average reversible capacities of 657.7, 568.3, 531, 512.4, 485.1, 441.6, 401.9 mA
h g-1 at current densities of 0.5, 1, 2, 3, 5, 8, and 10 mA cm-2, respectively, corresponding
well with charge and discharge profiles shown in Figure 7.4d. More importantly, when the
current densities were reset to 1 and 0.5 mA cm-2, the cell could still retain capacities of
545.7 and 565.6 mA h g-1, demonstrating good reversibility of Li/CNT|GPE|3DPSe-4. In
contrast, the Li|GPE|3DPSe-4|GP cell delivered similar rate performance from 0.5 to 3 mA
cm-2. However, it should be noted that a sudden drop of CE was observed at 3 mA cm-2,
indicating a short-circuit (Figure 7.4c). The long-term cycling performance of the
Li/CNT/GPE/3DPSe-4/GP cell was also investigated at a current density of 3 mA cm-2, as
shown in Figure 7.4e, which demonstrated a capacity of 416.9 mA h g-1 over 500 cycles.
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The improved reversibility and stability of Li/CNT/GPE/3DPSe-4/GP battery is illustrated
in Figure 7.4f. From a mechanism standpoint, first, Li dendrite growth was effectively
suppressed by the 3D printed CNT interlayer. Second, the combination of 3DPSe cathode
host and GPEs enabled close contact between the GPE and the Se/C cathode, reducing the
interfacial resistance. Third, the 3DPSe cathode with GPEs infusion facilitated the Li+
migration, which ensured high Se utilization and high rate performance as well.
To confirm the improvement of Li+ transport in the 3DPSe cathodes, Se cathodes were
fabricated via a blade casting method and labelled as BCSe-x (x is the Se loading), for
comparison. As shown in Figure S7.11, taking BCSe-10 as an example, these cathodes
exhibited a dense structure accompanied with many surface cracks, which is harmful for
both Li+ and e- transport during the charging/discharging process. The electrochemical
impedance spectroscopy (EIS) curves of the QSSLSEBs assembled with 3DPSe-x and
BCSe-x cathodes are shown in Figure S7.12 and relative simulation results are listed in
Table S1. To further quantify the difference of Li+ diffusion in 3DPSe-x cathodes and
BCSe-x counterparts, the diffusion coefficient of Li+ (DLi+) was calculated based on the
DLi+ -Warburg coefficient (σ)- angular frequency (ω) relationships as previously reported.44
45

.Figure S7.12c and Figure S7.12d demonstrate that the 3DPSe-x cathodes have a similar

DLi+, 5.0×10-10 cm2 s-1, which is almost 50 times of BCSe-4 cathode (9.77×10-12 cm2 s-1)
and 500 times of BCSe-10 (1.38×10-12 cm2 s-1) and BCSe-20 (1.04×10-12 cm2 s-1) cathodes.
The 3DPSe-x cathodes possess smaller charge transfer resistance (Rct) and larger DLi+,
suggesting higher electrochemical activity and faster Li+ diffusion.
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The above results

further highlighted the unique structure of 3DPSe-x with GPE infusion in facilitating Li+
transport in the thick Se electrodes.
To further confirm the concepts above, the electrochemical performance of high Se-loading
QSSLSEB assembled with both 3DPSe-x and BCSe-x (x=10, 20) electrodes were
investigated, as shown in Figure 7.5 and Figure S7.13. The Li/CNT|GPE|3DPSe-10 cell
exhibited a high initial discharge capacity of around 640 mA h g-1, corresponding to an
areal capacity of 6.4 mA h cm-2, and retained capacities of over 514.8 and 435.8 mA h g-1
after 100 cycles operating at current densities of 1 and 3 mA cm-2, respectively, as shown
in Figure 7.5a. The relative charge/discharge profiles of Li/CNT|GPE|3DPSe-10 cell at
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current density of 3 mA cm-2 are provided in Figure S7.13, demonstrating excellent cycling
stability and low overpotentials during cycling. In contrast, the capacity of
Li/CNT|GPE|BCSe-10 dropped rapidly, even to near 0 mA h g-1 after 100 cycles at 3 mA
cm-2 (Figure S7.14a~b). In order to clarify the reasons leading to the huge difference, both
QSSLSEBs assembled with BCSe-10 and 3DPSe-10 electrodes were disassembled after
cycling, as illustrated in Figure S7.15. It was found that all electrode materials could easily
peel off from the current collector of BCSe-10 electrode and resulted in active materials
loss. Interestingly, the 3DPSe-10 electrode maintained its structure well during cycling,
which was confirmed by the optical images in Figure S7.15c. Hence, we conclude that the
3DPSe-x electrodes possess high structure stability as well as fast Li+ transport capability,
attributing to the improved cycling stability and rate performance for the high loading
QSSLSEBs.
Moreover, QSSLSEBs assembled with ultrahigh Se-loading of 20 mg cm-2 were
investigated under current densities of 1 and 3 mA cm-2 to achieve higher energy densities.
As shown in Figure S7.16 and Figure 7.5b, both cells delivered a high initial capacity of
around 649 mA h g-1, equaling to a high areal capacity of 12.99 mA h cm-2. To our best
knowledge, both the Se loading and areal capacity are the highest. Compared with recent
publications, such a high areal capacity is at least 4 times higher than most of the reported
state-of-the-art conventional Li-Se batteries that we listed in Figure 7.5c and Table S2.
More significantly, high discharge capacities of 484.6 and 354.5 mA h g-1 were retained
after 50 and 100 cycles, respectively, demonstrating excellent cycling performance.
Furthermore, the rate performance of Li/CNT|GPE|3DPSe-10 and Li/CNT|GPE|3DPSe-20
cells were investigated, as seen in Figure 7.5d, which delivered similar reversible
capacities at current densities of 0.5, 1, 2, 3, 5, and 8 mA cm-2, respectively. Even at an
ultrahigh current density of 10 mA cm-2, a high capacity of about 270 mA h g-1 was still
retained, corresponding well as Figure 7.5e. When the current densities were returned to
1 and 0.5 mA cm-2, the capacity of these two cells could recover to around 524 mA h g-1,
suggesting reversible electrochemical behavior and high stability of 3DPSe-10 and 3DPSe20 electrode under high current densities. Compared with the Li/CNT|GPE|3DPSe-10 cell,
the Li/CNT|GPE|BCSe-10 cell exhibited worse rate performance and fast capacity decay
when the current densities were higher than 3 mA cm-2. This is mainly attributed to the low
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Li+ transport in the BCSe-10 cell, which was not able to meet the requirements of Li+
diffusion at high current densities. From the charge/discharge profiles in Figure S7.14d,
we confirmed that the overpotential increased sharply at higher current densities over 3
mA cm-2. However, the charge/discharge profiles of Li/CNT|GPE|3DPSe-20 cell at
different current densities shown in Figure 7.5e, showing a lower overpotential compared
with that of Li/CNT|GPE|BCSe-10 cell. All the results coincided well with the
aforementioned EIS results and further highlighted the merits of 3DPSe-x electrodes. This
excellent rate capability of Li/CNT|GPE|3DPSe-20 cell was compared with previous works
relating to Li-Se batteries in recent publications shown in Figure 7.5f. From the
comparison, this work demonstrated a highest areal capacity at higher current densities.

7.4 Conclusion
In summary, we developed a high energy/power-density QSSLSEB by combining a 3Dprinted CNT interlayer and GPE filled 3DPSE-x cathodes. The CNT interlayer is beneficial
for Li dendrite suppressing, enabling the Li-Li symmetric cell stably run for 400 h under a
current density of 3 mA cm-2 and an areal capacity of 3 mA h cm-2, which is almost 10
times longer compared with interlayer-free cell. Additionally, the 3DPSe cathodes with
grid structure provide large spaces for GPE impregnation to build interconnected Li+
transport channels in thick electrodes, enabling fast Li+ transport in QSSLSEB.
Accordingly, the Li/CNT|GPE|3DPSe-x QSSLSEB exhibits excellent cycling stability and
remarkable rate performance with high sulfur ladings of 4~20 mg cm-2. The QSSLSEBs
assembled with 3DPSe-10 cathode delivers a specific capacity of 435.8 mA h g-1 at a high
current density of 3 mA cm-2 after 100 cycles. Moreover, with an ultrahigh Se loadings of
20 mg cm-2, the QSSLSEB delivers the highest reported areal capacity of 12.99 mA h cm2

under a high current density of 3 mA cm-2. We believe that this achievement will generate

substantial interest and shed light on the R&D of other solid-state energy storage systems
such as Li-S, Li-ion and Na-ion batteries.
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7.7

Supporting Information

Figure S7.1 XRD pattern of Se/C cathode part.

Figure S7.2 TGA analysis of Se/C cathode part.

Figure S7.3 3DPSe cathodes with 2 layers, 5 layers and 10 layers, corresponding with Se
loading of 4 mg cm-2, 10 mg -2 and 20 mg cm-2.
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Figure S7.4 Morphology characterization of 3DPSe cathodes after immersing in GP.
Photograph of gel-polymer (a) and 3DPSe cathodes with Se loading of 4 mg cm-2, 10 mg
cm-2 and 20 mg cm-2 immersed into gel-polymer (b). (c) SEM image of gel-polymer. (d, e)
and (f, g): cross-sectional and top view SEM images of 3DPSe-4 cathodes after being
immersed in gel-polymer at different magnification, respectively.

Figure S7.5 Photographs of gel-polymer electrolyte with a thickness of 164 μm.

Figure S7.6 Nyquist plot of GPE for calculating the ionic conductivity. The insert is a
magnified Nyquist plot.
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Figure S7.7 (a) 3D printing process of CNT and (b) digital image of printed CNT with one
dense layer after printing. (c, d) SEM images of CNT under different magnifications and
the inserted image shows the PCNT freestanding structure, the inset demonstrates the
remarkable flexibility of the CNT interlayer. (e) Cross-sectional view.

Figure S7.8 SEM images of Li metal anodes after 2 cycles at current density of 1 mA cm2. (a, b) Bare Li anode. (c, d) Li/PCNT anode. The amount of Li cycled was 1.0 mA h cm2

.
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Figure S7.9 SEM images of Li metal anodes after 117 cycles at a current density of 1 mA
cm-2. (a-c) Bare Li anode. (d-f) Li/PCNT anode. The amount of Li cycled was 1.0 mA h
cm-2. The inserted cross section image in (f) is Li foil before cycling.

Figure S7.10 Charge and discharge curve of Li|GPE|3DPSe-4 at a current density of 1 mA
cm-2.

Figure S7.11 SEM images of BCSe-10 from top view (a) and cross-sectional view (b).
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Figure S7.12 The electrochemical impedance spectroscopy (EIS) of BCSe-x (a) and
3DPSe-x cathodes (b) with different Se loading before cycling. (c, d) Relationship between
Z’ and square root of frequency (ω-1/2) in the low-frequency region.
Table S7.1 Kinetic parameters of BCSe-x cathodes and 3DPSe-x cathodes with different
Se loadings.
Kinetic
Rct (Ω cm-2)

σ

DLi+ (cm2 s-1)

3DPSe-4

29.7

2.91

4.24×10-10

3DPSe-10

31.6

2.52

5.66×10-10

3DPSe-20

31.3

2.35

6.51×10-10

BCSe-4

199.2

19.18

9.77×10-12

BCSe-10

259.2

51.06

1.38×10-12

BCSe-20

400.3

58.7

1.04×10-12

parameters
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Figure S7.13 Charge and discharge curve of Li/CNT|GPE|3DPSe-10 at current density of
3 mA cm-2.

Figure S7.14 Electrochemical performance of Li/CNT|GPE|BCSe-10. (a) Cycling
performance and (b) Charge and discharge curve at current density of 3 mA cm -2. Rate
performance (c) and corresponding charge and discharge curve (d) at current density from
0.5 mA cm-2 to 20 mA cm-2.

156

Figure S7.15 Optical images of BCSe-10 cathodes before (a) and after 100th cycling (b) at
current densities of 1 mA cm-2, 3DPSe-10 cathodes after 100th cycle (c) with the inserted
image of cross-sectional optical image, still maintain a stable structure.

Figure S7.16 XRD data of 3DPSe-10 cathodes before (a) and after 100th cycling.

Figure S7.17 Cycling performance of Li/CNT|GPE|3DSe-20 at current density of 1 mA
cm-2.
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Figure S7.18 XRD pattern of Se/C cathode part.

Figure S7.19 Cycling performance of full cell of Li/CNT|GPE|3DPSe-x (x is 4). (a, c)
Cycling performance of Li/CNT|GPE|3DPSe-4 at current densities of 1 mA cm-2 and 3 mA
cm-2. (b) Galvanostatic discharge and charge curves of Li/CNT|GPE|3DPSe-4 at current
density of 1 mA cm-2.
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Figure S7.20 Cycling performance of full cell of Li/CNT|GPE|3DPSe-x (x is 10) at current
densities of 3 mA cm-2
Table S7.2 Performance comparisons with recent works at different Se loading cathodes
in Li-Se batteries
Se
Host

loading
(mg
cm-2)

Se
content
(%)

Current
density
(mA cm2

)

Specific

Areal

Capacity

capacity

(mAh g-1)

(mA h cm-2)

640.8/539.
3DPSe
-20

20

48.2

0.5/1/2/3/

8/508.6/47

5/8/10

7.8/414.4/3
21.1/266.8
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62
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Adv.
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Journal
2015
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Chapter 8
Fast charging all solid-state lithium batteries by rational
design of dual vertically aligned electrodes*
The long charging time requirement by all-solid-state lithium batteries (ASSLBs) has
significantly limited its practical application. Thus, significant improvement of the rate
performance and development of fast charging ASSLBs is crucial for the
commercialization of these systems. However, poor Li+ transport kinetics and Li dendrite
formation under high charging current densities have inhibited their capabilities. To tackle
these issues, we propose herein the design of dual vertically-aligned electrodes (DVAEs)
to accelerate Li+ transport and suppress Li dendrite formation. At the anode side, the
vertically-aligned Li (VA-Li) anode with lithiophilic micro-walls enables lateral growth of
Li deposits rather than perpendicular to the incident flux, thus preventing dendrite
penetration through the separator. Moreover, due to the 3D vertically-aligned structure in
both VA-Li and vertically-aligned-LiFePO4 (VA-LFP), Li+ transport is enhanced due to
lower tortuosity and faster Li+ transport kinetics. Benefitting from the rational design, VALi symmetric cells can operate for 300 h at a current density/capacity of 3 mA cm-2 /3 mA
h cm-2, while short-circuiting is observed after 87 h for bare Li cycled at only 0.5 mA cm2

(capacity: 0.5 mA h cm-2). Moreover, a fast-charging ASSLBs assembled with DVAEs

demonstrates a high capacity of 89.4 mA h g-1 after 2000 cycles at 4C.

*A version of this chapter has been publised in Advanced Functional Materials, 2020,30,
2005357
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8.1 Introduction
As promising next-generation energy storage systems beyond the state-of-the-art Li-ion
batteries, all-solid-state lithium batteries (ASSLBs) have received considerable attention
due to their improved safety and energy density.1-6 Among the various ASSLB systems,
solid polymer electrolytes (SPEs) have been regarded as one of the most promising
candidates for practical application due to their chemical/electrochemical stability,
mechanical properties, low cost and scalable fabrication methods.7-10 Nevertheless, many
of the recently reported SPE-based ASSLBs can only operate at current densities/areal
capacities lower than 0.5 mA cm-2/0.5 mAh cm-2, which is far below the requirements for
commercialization.11-16 The low operating current densities prevent these ASSLBs from
being used in fast charging applications such as electric vehicles. Therefore, it is imperative
to design electrode structures which can improve the operating current density and realize
fast charging ASSLBs.
In general, the working current density in ASSLBs is limited by several factors: 1) The
ionic conductivity of SPE; 2) Li dendrite growth; 3) Li+ transport in the electrode.17-20 To
improve the ionic conductivity, several inorganic fillers (metal oxides, oxide- and sulfide
solid-state electrolytes (SSEs)), plasticizers (succinonitrile (SN), and low molecular weight
poly (ethylene glycol) dimethyl ether, starch) have been developed and demonstrated to be
effective in achieving high ionic conductivities of 10-5~10-4 at room temperature (RT).
Moreover, for suppressing Li dendrite growth in SPE-based ASSLBs, inorganic fillers,
cross-linking structures, and electrolyte additives have proven to be effective.21-27 The first
two strategies play important roles in enhancing the mechanical strength of the SPE, while
the latter aims to promote uniform Li nucleation. For instance, our group showed that a
glass fiber scaffold can prolong the cycling life of Li-Li symmetric cells to over 2000 h at
a current density of 0.2 mA cm-2 (capacity: 0.2 mAh cm-2).28 In another case, Armand’s
group extended the cycling life of Li-Li symmetric cells by 6-fold at a current density of
0.1 mA cm-2 (capacity: 0.2 mAh cm-2) with the introduction of a LiN3 additive.29 Despite
the great achievements made in improving ionic conductivity and dendrite suppression,
fast charging SPE-based ASSLBs have rarely been reported.
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In most cases, planar Li is directly used as the Li anode, which has a low geometric surface
area and results in high overpotential and serious Li dendrite growth during plating under
high current densities.30, 31 It should be noted that the Li dendrite growth direction is
perpendicular to Li anode, increasing the risk of dendrites penetrating the SPEs.32,

33

Moreover, the cathodes obtained by conventional blade casting exhibited relatively dense
structures and Li+ transport channels with high tortuosity, which hinders the Li+ transport
in the electrode and rate performance.34 With this in mind, a strategy to concurrently
suppress the Li dendrite growth and reduce the tortuosity of electrodes is required for fast
charging ASSLB.
Herein, a dual vertically aligned electrodes (DVAEs) structure with well-controlled
microscale features is proposed to promote the development of fast charging ASSLBs.
During plating, Li selectively nucleates and grows within the micro-channel walls of the
vertically aligned Li anode (VA-Li), which reduces the local current density as well as
changes the Li growth direction from perpendicular to parallel. The confinement of Li
nucleation is beneficial towards suppressing Li dendrite growth and reducing the risk of
short-circuiting under high current densities. To minimize the Li+ transport tortuosity in
both the anode and cathode, a vertically aligned LiFePO4 (LFP) is designed to facilitate Li+
transport and reduce Li+ diffusion resistance, thus improving the rate performance. Based
on the DVAE structure, both fast charging SPE-based Li-Li symmetric cells and Li-LFP
full cells are realized. The Li-Li symmetric cells achieve excellent cycling performance for
over 300 h under ultrahigh current densities/areal capacities of 3 mA cm-2/3 mAh cm-2 with
a low overpotential of around 100 mV. More importantly, the Li-LFP ASSLBs demonstrate
ultra-long cycling life of over 2000 cycles under a high current density of 4C with a high
discharge capacity of 120 mAh g-1. Insights gained from this work will open up new
opportunities for the development of fast charging ASSLBs.

8.2 Experimental section
Synthesis of vertically-aligned CNT@ZnO template: Carbon nanotubes (CNT) were
coated with a conformal layer of ZnO via atomic layer deposition(ALD) using the Gemstar8 ALD system (Arradiance, USA) with diethyl zinc (DEZn) and DI water as precursors.
100 ms pulses of DEZn and DI water were alternated with 30s purge times inbetween each

168

subcycle. Afterwards, the vertically-aligned CNT@ZnO template was obtained using a
custom-made VA- printer equipped with a 3-axis micropositioning stage (Fisna 4200N
VA- printer). Typically, CNT@ZnO and sodium alginate were mixed at a weight ratio of
9: 1 with additional DI water to prepare the printing ink. The ink was loaded into a 3-mL
syringe and extruded through a 400-μm-diameter nozzle. The CNT@ZnO ink was printed
into a dense structure with an overall diameter of 10 mm at a print motion speed of 6 mm
s-1 with a pressure of 70 dpi. Subsequently, the VA--printed CNT@ZnO were dried using
freeze-drying at -50 ℃ for 20 h to get a vertically aligned CNT@ZnO template.
Synthesis of VA-Li: Infusion of molten Li metal was carried out in an Ar-filled glovebox.
Typically, a piece of freshly scraped Li foil (99.9%, Alfa Aesar) was put into a stainlesssteel crucible and heated to ~350 ℃ on a hot plate (VWR). Subsequently, the edge of the
printed CNT@ZnO template was put into contact with the molten Li. The Li would then
steadily climb the scaffold and wet the whole matrix, forming the 3-dimensional verticallyaligned lithium, named as VA-Li.
Synthesis of VA-LFP and LFP cathode: For the VA-LFP cathode, the 3-dimentional
vertically-aligned LFP cathode, named as VA-LFP, was obtained by the printing technique
combined with freeze drying. Typically, the LFP powders, C65, conductive carbon and
PEO-PEGDME/LITFSI (EO/Li=12/1 and PEO (Mw:1000000)/PEGDME = 1:1) were
dissolved in water with a weight ratio of 7:1:2 to form a slurry. And then the ink was loaded
into a 3-mL syringe and extruded through a nozzle. The LFP ink was printed into a dense
structure with an overall diameter of 10 mm at a print motion speed of 8 mm s-1 with a
pressure of 70 dpi. Subsequently, the printed cathode was dried using freeze-drying at 50 ℃ for 20 h to fabricate a VA-LFP cathode. The 2-dimentional LiFePO4 (LFP), named
as LFP, was fabricated using a blade casting method. The slurry used for VA-LFP was
also used for the bladecast LFP cathode, where it was coated onto aluminum (Al) foil. The
Al foil coated with slurry was then dried in a 60 °C oven overnight to obtain LFP cathode.
The active material loading in both of LFP and VA- LFP is around 2.66 mg cm-2.
Synthesis of SPEs: The poly(ethylene glycol) dimethyl ether (PEGDME) based SPEs were
prepared using a solution-free method. Typically, a mixture of PEGDME and Li-salts
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(lithium (trifluoromethylsulfonyl) imide (LiTFSI) and lithium bis(fluorosulfonyl) imide
(LiFSI)) weight ratio of 60: 4: 1 was directly heated to 120 oC and held at that temperature
until the polymers were completely melted and salts were dissolved. All the
aforementioned processes were conducted in an Ar-filled glove box.
Characterizations : Hitachi S-4800 field-emission scanning electron microscope (FESEM)
equipped with energy dispersive spectroscopy (EDS) was used to characterize the
morphologies of the electrodes.
Electrochemical Measurements: All of the solid-state full cells and Li-Li symmetrical
cells electrochemical performance were tested with CR2032 coin cells, constructed in an
Ar-filled glove box. The cathode (LFP and VA- LFP) and Li anode (bare Li and VA- Li),
Li symmetrical cells, and VA-Li symmetric cells were separated by a cellulose membrane.
The charge and discharge tests were carried out using a LAND CT-2001A system, by
applying different current densities.
To measure the electrochemical performance of the electrodes, Li-Li symmetric cells
employed with bare Li and VA-Li were tested under different current densities. For the full
cell testing, the LFP and VA-LFP were employed as the cathodes with an active material
loading of about 2.66 mg cm-2, bare Li and VA-Li as an anode, labeled as LFP/Li, VALFP/ Li, and VA- LFP/VA- Li full cells, respectively. The charge-discharge testing of the
full cell batteries were carried out using a LAND CT-2001A system within a voltage range
of 2.5 V to 4.2 V at 60℃. Unless otherwise specified, the specific capacities reported in
this work were calculated based on LFP and the voltages with respect to Li+/Li.
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8.3 Results and discussion

Figure 8.1 Schematic illustration of the fabrication process of the VA-Li anode and the
VA-LFP cathode with SPEs for all solid-state Li batteries.
The design of the ASSLBs with DVAE structure can be seen in Figure 8.1, where a SPE
is sandwiched between VA-Li and VA-LFP electrodes. During charging, the Li+ is rapidly
deintercalated from LFP through the vertically aligned channels. After diffusion of Li+ to
the anode, it will selectively nucleate on the lithiophilic micro-walls with ZnO coating.
Based on the orientation of the microchannels, the Li growth direction changes from
perpendicular to the electrode face to parallel, which significantly reduces the risk of Li
perpetration through the SPE. Moreover, the micro-walls possess a large specific surface
area, which provides a large number of Li nucleation sites and greatly reduces the local
current density. At the same time, the vertically aligned channels among the micro walls
supply a large space for Li accommodation and enable Li to transport faster due to the
reduced tortuosity. In this regard, we can deduce that the as-designed VA-Li anode can
meet the requirements of Li+ transport and Li dendrite suppression during fast charging.
During the subsequent discharging process, at the anode side, the Li metal will be oxidized
into Li+ and transport through the vertically aligned channels back to the cathode. At the
cathode side, the Li+ undergoes intercalation into the LFP structure. Benefitting from the
well-designed DVAE structure in suppressing Li dendrite growth and accelerating Li+
transport via changing Li deposition behavior and reducing Li+ transport tortuosity, fastingcharging ASSLBs may be realized.
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Figure 8.2 Morphologies of the VA-Li anode and VA-LFP cathode (a) Optical images of
the VA-LFP before and after drying. (b~h) Surface SEM images and corresponding
elemental mappings of the VA-LFP cathode at different magnifications. (i) Optional
images of the VA-Li host before and after melting Li. (j, k) Surface SEM images of the
VA-Li at different magnifications.
The morphology of the DVAE structure is characterized by scanning electron microscopy
(SEM). As shown in Figure 8.2a, the VA-LFP is firstly fabricated with a 3D-printer
combined with a freeze-drying technique. Based on the anisotropic crystal growth kinetics,
the lamellar ice acts as an in-situ formed template and transforms the LFP electrode into
the VA-LFP with numerous vertically-aligned micro-walls (thickness: ~12 µm, Figure
8.2b~c).35, 36 Among the micro-walls are vertically-aligned channels with a thickness of
around 35 µm (Figure 8.2d~h). Compared with a conventional blade-casted LFP cathode
(Figure S8.1), the VA-LFP cathode provides more Li+ transport channels with reduced Li+
transport tortuosity, thus facilitating Li+ transport during cycling. For VA-Li fabrication, a
similar process is firstly used to obtain a vertically-aligned carbon nanotube (CNT)-based
Li host (labeled as VA-Li host, Figure S8.2a, and Figure S8.2c~g), where the CNTs are
coated with a thin layer of ZnO (Figure S8.2b). The ZnO acts as a lithiophilic coating on
the micro-walls and promotes Li infusion into the vertically-aligned scaffold upon contact
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with molten Li.37, 38 As can be seen in Figure S8.3, the molten Li shows a strong affinity
towards the host and can easily infuse into the vertically-aligned structure. The electrodes
are completely infused with Li metal after approximately 14 seconds. After infiltration of
Li, the black VA-Li host turns to gold with a metallic Li luster. The morphology evolution
at the micro-level is further characterized by SEM. As shown in Figure 8.2j and Figure
8.2k, the micro-walls are broadened (from 12 µm to 22 µm) and the micro-channels
narrowed (35 µm to 28 µm), further confirming that Li is successfully infused into the
vertically-aligned scaffold. It should be mentioned that the available void space between
the micro-channels is critical towards accelerating Li+ transport as well as Li
accommodation during Li plating. With this in mind, the unique DVAE structure is
expected to enhance Li dendrite suppression and facilitate Li+ transport at high current
densities.

Figure 8.3 Illustration and cycling stability of bare Li and VA-Li symmetric cells with
SPEs. (a) Schematic of VA-Li (left) symmetric cell and bare Li (right) symmetric cell with
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SPE. (b) VA-Li and bare Li symmetric cells cycled at a current density of 0.2 mA cm-2 and
0.2 mAh cm-2, (c) 0.5 mA cm-2, 0.5 mAh cm-2, and 3 mA cm-2, 3 mAh cm-2 (d). (e)
Comparison of this work with other lithium symmetric cells with SPE from literature.
The important role of VA-Li in suppressing Li dendrite formation is investigated by Li-Li
symmetric cells, where bare Li is chosen for comparison. Figure 8.3a~d display the
schematic representation of the Li deposition behavior in the Li-Li symmetric cells and
relevant Li symmetrical cell performance using VA-Li and bare Li electrodes. As
illustrated in Figure 8.3a, benefitting from the vertically aligned micro-walls that direct
uniform lithium deposition within the microchannels, the VA-Li symmetric cells exhibit
lower overpotentials compared to the cells containing bare Li (Figure 8.3b~c). For instance,
as shown in Figure 8.3b, at a current density of 0.2 mA cm-2 (0.2 mAh cm-2), the
overpotential of VA-Li symmetric cell is around 8 mV, which is a small fraction of its
counterpart (bare Li: ~130 mV). Moreover, the VA-Li symmetric cell also demonstrates
more stable cycling performance than the bare Li (Figure 8.3b~c). Even after 1500 h, the
overpotential shows negligible change and delivers a value of around 10 mV, indicating a
stable Li plating/stripping process (Figure 8.3b). The inherent stability and low
overpotentials of the VA-Li electrode can be attributed to the high surface area provided
by the vertically aligned channels, where the lithophilic micro-channel walls guide Li
nucleation and growth in a parallel direction instead of perpendicular to the electrode
surface (Figure 8.3a). The confinement of Li within the microchannels prevents Li
dendrites from penetrating the separator, leading to prolonged cycle life with improved
safety. In contrast, for the bare Li symmetric cells, large fluctuations in the plating/stripping
profiles are observed after 270 h and the overpotential suddenly drops to nearly 0 V after
320 h, indicating the occurrence of short-circuiting. Moreover, the Li dendrite suppression
capability of VA-Li is further studied at an elevated current density/capacity of 0.5 mA cm2

/0.5 mAh cm-2 (Figure 8.3c). As expected, the VA-Li still displays stable plating/stripping

behavior, with a relatively low overpotential around 24 mV after 650h (Figure 8.3c,
Figure S4). On the contrary, the occurrence of hard short-circuits is observed in the bare
Li cell after 87h.
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According to the Cui’s and Deng’s simulation, a charge rate of 3.2 C is required to meet
the demand of fast-charging lithium batteries in electric vehicles, which is equivalent to
charging to 80% state of charge (SOC) within 15 mins.34, 39 Taking a widely used LFP
loading of 5 mg cm-2 (in recently reported SPE-based ASSLBs) into consideration, a
current density of 2.72 mA cm-2 is necessary. With this in mind, a current density of 3 mA
cm-2 (areal capacity: 3 mAh cm-2) is chosen to determine whether our designed VA-Li can
achieve fast charging goal. Promisingly, as displayed in Figure 8.3d, the VA-Li electrode
shows stable plating/stripping performance for over 300h with a low overpotential of
around 100 mV (Figure S8.5). There is no doubt that such excellent performance is
superior to recent publications in terms of operating current density and areal capacity
listed in. Figure 8.3e and Table S8.1. Overall, the as-designed VA-Li demonstrated
excellent Li dendrite suppression under high operating current densities, which will pave
the way for the development of fast charging ASSLBs.
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Figure 8.4 SEM images of surface morphology evolution of VA-Li and bare Li anode
before (a and e), and after 0.5 mAh cm-2 (b and f), 1 mAh cm-2 (c and g), 3 mAh cm-2 (d
and h) of Li deposition at a current density 0.5 mA cm-2 (scale bare: 50 μm). Schematic
illustration of the lithium plating process of VA-Li (a’~d’) and Li (e’~h’), corresponding
well with SEM images of surface morphology evolution, from the capacities of 0.5 mAh
cm-2 to 3 mAh cm-2 at a current density of 0.5 mA cm-2.
To clarify the Li deposition behavior in the VA-Li electrode, the morphology of the VALi electrode at different stages of plating is observed by SEM (current density is controlled
as 0.5 mA cm-2).40, 41 Before SEM analysis, both bare Li and VA-Li symmetric cells are
disassembled and then soaked in a DME solution for 12h to remove the SPEs. As shown
in Figure 8.4a~d, due to the lithiophilicity of the micro-walls in VA-Li, Li selectively
nucleates and gradually fills the vertically aligned channels. The vertically aligned
channels function as a void space for Li accommodation during electrochemical plating.
Even at a high Li plating capacity of 3 mAh cm-2, where the vertically aligned channels are
almost filled, no obvious dendrites can be observed. Moreover, the VA-Li symmetric cell
operating at a current density of 0.5 mA cm-2 (areal capacity: 0.5 mAh cm-2) after 50 cycles
is disassembled and the surface morphology of VA-Li is checked by SEM. As shown in
Figure S8.6a-b, the vertically aligned structure is well-maintained during cycling,
demonstrating the stability of the structure and high reversibility of Li plating/stripping
process in VA-Li. On the contrary, for bare Li, a rough surface with non-uniform Li
deposition and undesirable Li dendrite growth are clearly observed during Li plating, as
shown in Figure 8.4e~h. When the capacity increases to 3 mAh cm-2, some cellulose fibers
are observed on the surface of Li anode, indicating that the Li dendrites have pierced
through the SPE (Figure S8.7). The formation of dendrites is further confirmed by the Li
plating profile shown in Figure S8.8. During plating, when the capacity increases to 1.3
mAh cm-2, a sharp drop in overpotential is observed, which is associated with shortcircuiting. Similar to VA-Li symmetric cells, the morphology of bare Li in a Li-Li
symmetric cell after 50 cycles (current density: 0.5 mA cm-2, areal capacity: 0.5 mAh cm2

) is also observed by SEM for comparison. As displayed in Figure S8.6c-d, numerous

cellulose fibers are observed on the Li anode surface. It can be attributed to Li dendrite
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growth through the cellulose separator. The significant difference in Li deposition behavior
within the VA-Li and bare Li electrodes is illustrated in Figure 8.4a’~d’ and Figure
8.4e’~h’. Compared with the non-uniform Li nucleation and growth found on bare Li, the
uniform Li nucleation on the micro-walls and Li confinement within the vertically-aligned
channels of VA-Li is the root cause for the improved Li dendrite suppression under high
operating current densities.

Figure 8.5 Electrochemical performance of fast charging ASSLBs with three different cell
configurations (VA-LFP/VA-Li, LFP/VA-Li, and LFP/Li). (a) Schematic illustration of
VA-LFP cathode and VA-Li anode with SPEs for fast charging ASSLBs. (b) LFP/Li,
LFP/VA-Li, and VA-LFP/VA-Li full batteries rate performance from 0.5 C to 4 C. (c)
Charge and discharge profile of VA-LFP/VA-Li at different rates. (d) The cells cycling
performance at rate of 2 C. (e) Charge and discharge profile of VA-LFP/VA-Li at 2 C. (f)
VA-LFP/VA-Li long cycling performance at rate of 4C (LFP loading: ~ 2.66 mg cm-2).
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To investigate the potential application of the VA-Li anode in fast charging ASSLBs, the
electrochemical performance of LFP/VA-Li (Figure S8.9a) is studied, where the LFP is
fabricated by a conventional blade casting method. For comparison, bare Li is chosen as
its counterpart and the assembled cell is labeled as LFP/Li (Figure S8.9b). Figure 8.5b
shows the rate-performance of LFP/VA-Li and LFP/Li cells under different rates from 0.5
to 4 C in the voltage window of 2.5~4.2 V. Generally, the LFP/VA-Li cell delivers higher
capacities at all C-rates than that of the LFP/Li cell. Even at a high rate of 4C, a high
capacity of 88 mAh g-1 is still maintained for the LFP/VA-Li cell, while the LFP/Li cell
only delivers a capacity of ~64 mAh g-1 at 2C. The improved rate performance can be
attributed to the fast Li+ transport in the vertically aligned channels with low tortuosity in
VA-Li. Moreover, it should be noted that a Coulombic efficiency (CE) drop is observed
for the LFP/Li cell when the rate is over 3C. The high current densities result in shortcircuiting, which is confirmed by the charging/discharging profiles in Figure S8.10. The
difference in rate performance between LFP/VA-Li and LFP/Li proves the merits of VALi in enhancing Li+ transport and Li dendrite suppression, which coincides well with the
electrochemical performance of Li-Li symmetric cells. However, fast ion transport kinetics
at the anode satisfies only part of the requirements for fast charging ASSLBs. The rational
design of cathode structure also plays a critical role in achieving high rate performance.
However, for the LFP cathode obtained by conventional blade casting technique, a dense
structure is present (Figure S8.1) which inhibits Li+ diffusion through the bulk of the
electrode. Herein, a DVAE cell design (labeled as VA-LFP/VA-Li, seen in Figure 8.5a)
is fabricated with another VA-LFP to further facilitate Li+ diffusion at the cathode side.
Compared with the LFP/VA-Li cell, the VA-LFP/VA-Li cell presents further improved
rate performance (Figure 8.5b). For example, VA-LFP/VA-Li delivers high capacities of
147, 129 and 112 mAh g-1 at C-rates of 2, 3, and 4C, which are higher than that of the
LFP/VA-Li cell

(116, 97 and 88 mAh g-1). When the C-rate returns to 0.5C, a high

capacity of 165 mAh g-1 is recovered, indicating good stability during cycling at high
current densities. The improved rate performance can be attributed to the fast Li+ transport
in the micro-channels of the DVAEs, thus leading to lower resistances and lower
overpotentials.42-44 At 4 C, the VA-LFP/VA-Li cell delivers an overpotential of
approximately 0.66 V (Figure 8.5c), which is around 0.1 V smaller than that of the
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LFP/VA-Li cell (Figure S8.11), further confirming the positive effect of VA-LFP on Li+
transport.
Besides the rate performance, cycling stability is another important parameter to evaluate
suitability for practical application. Hence, the cycling stability of the three cells is further
evaluated under a rate of 2C. As shown in Figure 8.5d, the VA-LFP/VA-Li, LFP/VA-Li,
and LFP/Li cells deliver reversible capacities of 148.7, 101.8, and 65.3 mAh g-1 in the
initial cycle, respectively. It is noteworthy that a sharp CE drop (indicating the occurrence
of short-circuit) is observed after 60 cycles for the LFP/Li cell, while a similar phenomenon
does not occur in the LFP/VA-Li and VA-LFP/VA-Li cells. Both of these cells show high
cycling stability with capacity retentions greater than 75% after 800 cycles. The results
further confirm the strong capability of VA-Li in suppressing Li dendrite formation. The
major differences between LFP/VA-Li and VA-LFP/VA-Li are focused on capacity output
and overpotential. As shown in Figure 8.5d-e and Figure S8.12, after 800 cycles, the VALFP/VA-Li exhibits a capacity of 112.5 mAh g-1 and an overpotential of 0.42 V, while a
lower capacity of 78.0 mAh g-1 and larger overpotential of 0.63 V are delivered by its
counterpart. Considering the same anode and electrolyte used in the two cells, the different
electrochemical performance can be attributed to the fast Li+ transport in the VA-LFP
cathode.
As previously mentioned, in order to meet the requirement of fast charging ALLSBs, a
high C-rate of 3.2 C is essential. With this in mind, the cycling stability of the VA-LFP/VALi cell operating at 4C is studied. As shown in Figure 8.5d, after 5 activation cycles at
0.5C, an initial capacity of 137.5 mAh g-1 can be achieved at 4C. Even after 2000 cycles,
the cell still maintains a capacity of 89.4 mAh g-1, providing excellent cycling stability.
Overall, the proposed DVAEs design for ASSLBs can remarkably improve the cycling
stability and rate-performance through optimizing Li+ transport and suppressing Li
dendrites. This work is of great significance for paving the way towards the application of
fast charging ASSLBs.
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8.4 Conclusion
In summary, we have developed a strategy using DVAEs to address the issues of poor Li+
kinetics and dendrite formation in fast charging ASSLBs. On the anode side, the lithiophilic
properties of the VA-Li electrode are able to guide the selective nucleation and growth of
Li on the micro-walls, filling the void space between the channels and preventing
perpendicular growth of dendrites. Moreover, due to the reduced tortuosity for Li+ transport
induced by the vertically aligned structure in both VA-Li and VA-LFP, the Li+ transport
kinetics are significantly improved. With this in mind, the DVAEs design has the potential
to enable the fast charging ASSLBs with enhanced electrochemical performance. The high
rate capabilities enabled by this design are proven through evaluation of electrochemical
performances in Li-Li symmetric cells and Li-LFP full cells. Accordingly, the Li-Li
symmetric cell assembled with VA-Li electrode is able to achieve a long cycle life of 300
h at an ultrahigh current density/areal capacity of 3 mA cm-2/3 mAh cm-2. To the best of
our knowledge, these are the highest values in terms of current density and areal capacity
in SPE systems. Additionally, the Li-LFP cell assembled with DVAEs maintains a high
capacity of 89.4 mAh g-1 at 4C after 2000 cycles. This work provides a new strategy for
designing fast charging ASSLBs via rational structural design of electrodes.
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8.7 Supporting Information

Figure S8.1 SEM images and corresponding elemental mappings of LFP fabricated by
conventional blade casting method.
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Figure S8.2 SEM images and corresponding elemental mapping images of vertically
aligned CNT@ZnO template.

Figure S8.3 Optical images of CNT@ZnO template during the Li infiltration process.
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Figure S8.4 Typical voltage profiles of VA- Li-plating-stripping at different cycles with a
current density of 0.5 mA cm -2 for 0.5 mAh cm-2.

Figure S8.5 Voltage profiles of VA- Li symmetric cells at the current density of 3 mA cm
-2

for 3 mA h cm-2 at the beginning (a) and the end (b) of 10 h.

Figure S8.6 SEM images after VA-Li (a, b) and bare Li (c, d) symmetric cell cycled 100h
at a current density of 0.5 mA cm-2 (0.5 mA h cm-2, scale bar: 100μm).
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Figure S8.7 Enlarged SEM image of bare Li symmetric cell after 3 mA h cm-2 plating
(current density: 0.5 mA cm-2).

Figure S8.8 Li plating profile of bare Li cycled at current density/capacity of 0.5 mA cm2

/3 mA h cm-2.

Figure S8.9 Schematic of LFP/VA-Li (a) and LFP/Li (b) two different kinds of solid-state
batteries.
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Figure S8.10 LFP/Li full cell cycling voltage profile under various rates from 0.5 C to 4
C.

Figure S8.1. LFP/VA-Li full cell cycling voltage profile under various rates from 0.5 C to
4 C.

Figure S8.12 LFP/VA- Li full cell cycling voltage profile under rate of 2 C.
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Table S8.1 Summary of the plating/stripping performances of Li-Li symmetric cells based
on SPEs in the reported literatures. (PEO: Polyethylene oxide; GF: glass fiber; LITFSI:
lithium bis (trifluoromethylsulphonyl) imide; SPE: Solid polymer electrolyte;
LLZO/LLZTO: Li6.75La3Zr1.75Ta0.25O12; LATP: Li1.3Al0.3Ti1.7 (PO4)3; PLL: PEO-LiTFSILLZTO FCSE: fiber-network-reinforced bicontinuous solid composite electrolyte; CPE10:
composite polymer electrolyte with 10% TiO2. SPIE: Single ion conducting polymer
electrolyte; CDQs: carbon quantum dots; PCL: Poly (ε-caprolactone); SN: Succinonitrile;
LINTFSI: Li [(CF3SO2) (n-C4F9SO2) - N])
Current density

Areal capacity

Electrolyte

Reference
-2

-2

(mA cm )

(mAh cm )

PEGDME

3

3

This work

PLL

0.2

0.02

SI-R11

PWO-CDQs

0.1

0.1

SI-R22

FCSE

0.3

0.3

SI-R33

PEO-50%LATP

0.2

0.05

SI-R44

SPIE

0.1

0.1

SI-R55

PEO@GF

0.42

0.4

SI-R66

PCL/SN-SPE

0.1

0.05

SI-R77

LiTNFSI/PEO

0.2

0.4

SI-R88

LiFSI-Jeffamine

0.2

0.4

SI-R99

PEO-Cs

0.2

0.2

SI-R1010

PEO-LLZO

0.5

0.25

SI-R1111

PEO

0.2

0.2

SI-R1212

PEO@LLZTO

0.2

0.1

SI-R1313
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Chapter 9
Conclusion and future perspective
This chapter summarizes conclusions and contributions of this thesis, as well as personal
statements and suggestions for future work.
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9.1 Conclusion
Li-ion batteries are one of the most promising energy storage devices for their high energy
density, superior cycling stability, and light weight. However, the state-of-the-art Li-ion
batteries cannot satisfy the increasing demand for high energy density. Advanced lithium
batteries, including Li-S batteries and solid-state Li-metal batteries, based on lithium anode
could provide high specific capacity and low reduction potential and thus are considered
as a promising candidate for next-generation batteries. However, uncontrollable lithium
dendrite growth induces poor cycling efficiency and severe safety concerns, dragging Limetal batteries out of practical applications. As critical components of Li-metal battery
system, the cathode, Li-metal anode, and electrolyte are considered as the key factors in
governing Li-metal batteries high performance. The main challenges concerning the
component in Li-metal batteries can be summarized as 1) low energy/power density; 2) Li
dendrite growth; 3) low coulombic efficiency, and 4) safety concern within the liquid
electrolyte.
This thesis work was mainly focused on the rational design of high-mass loading cathode
and dendrite-free Li anode via 3D printing methods to realize high energy density Li-metal
batteries. A series of experiments have been carried out in this thesis to fabricate different
cathodes with macro-, micro-, and nano-scale pore sizes inside the electrode. And dfferent
chemical, physical and electrochemical characterizations were conducted to determine the
relationships of physical properties of as-prepared materials and electrochemical
performance of Li-metal batteries. Moreover, underlying mechanisms of materials and
electrochemical reactions were explored, such as the cathode structure and full battery
performance with different mass loading; the thickness effect of cathode in Li-S battery
system; the relationship between the surface area and electrochemical performances of the
3D Li anode; the relationship between the cathode structure and anode structure with solidstate electrolytes (SSEs); etc. In summary, this thesis focused on the design of Li-metal
battery components via 3D printing and mainly focus on five parts: cathode structure
design, Li anode structure design, Li anode protection, and physical/electrochemical
characterization, and the understanding of underlying mechanisms. The detailed study
gained a better understandingof the importance of electrode design via printing technique
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in Li-metal battery system performance, and it is believed that these novel designs and
analyses bring new insights into Li-metal batteries in their future applications.
Firstly, a free-standing high areal energy density Li-S cathode based on a sulfur/carbon
composite was demonstrated by using 3D printing method. The porosity and conductivity
of the printed cathode is further optimized from the macroscale to the nanoscale by (1) 3Dprinting a porous structure with macro-sized pores (several hundred micrometers), (2)
phase inversion of the polymeric binder to produce pores between several micrometers to
nanometers in size, and (3) selecting materials with a microporous structure (less than 2
nm). Moreover, two critical post-treatment steps after 3D printing involve phase inversion
and freeze drying to significantly elevate the electrochemical performance of the final 3D
printed S/C electrode with hierarchical porous structure enabling facile electronic and ionic
transportation. As a result, a superior Li-S battery containing high sulfur loading S/C
cathodes with excellent C-rate performance and cycling stability are realized via 3D
printing.
However, the electrochemical performance of Li-S batteries can be highly affected by the
cathode thickness because of the prolonged and tortuous ion transport. To tackle these
issues, construction of Li+ transporting channels in the cathode is a favorable strategy.
Herein, in the second work, a thickness-independent electrode with high sulfur loading LiS cathode was proposed, for the first time, to convert the 3D disordered thick electrode into
a combination of numerous vertically aligned 2D “thin electrodes” by integrating the 3Dprinting technology with an ice-template method. Each “thin electrode” presents a constant
thickness of around 20 μm. Everyone “thin electrode” functions as an electrochemical
reaction site, with a Li+ diffusion distance no more than 10 μm considering a bi-directional
transport model and neglecting the tortuosity within the “thin electrodes”. The similar
electrochemical kinetics, Li+/e- conductivities, and constant local thickness in “thin
electrodes” make it possible to achieve thickness-independent electrochemical
performance of electrodes. Consistently, highly similar cycling performance and rate
performance are observed for 3D-printed vertically aligned electrodes, no matter total
thickness of 250 or 750 μm (i.e. sulfur loadings of 2 mg cm-2 and 6 mg cm-2).
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Thirdly, for the Li-metal anode part, a rational design of Li anode was demonstrated to
control Li deposition. Typically, a 3D printed vertically aligned Li anode (3DP-VALi) was
developed with well-controlled micro-scale features for selective “side deposition”, where
Li preferably deposits on the micro-walls of 3DP-VALi with a lithiophilic ZnO coating.
Moreover, the numerous vertically aligned micro-channels exist among the micro-walls
provide a large space for facilitating Li+ transport, accommodating deposited Li as well as
alleviating volume change. Based on the micro-scale structure, selective “nucleation within
micro-channel walls”, the assembled Li-Li symmetric cells achieve an ultra-long cycling
life of 3000 h at current density/areal capacity of 1mA cm-2/ 1 mAh cm-2. More importantly,
the Li-Li symmetric cell demonstrates an excellent long cycling life of 1500 h and 400 h
at ultrahigh current densities/areal capacities of 10 mA cm-2/10 mAh cm-2 and 5 mA cm2

/20 mAh cm-2, respectively.

However, issues like leakage, flammability and electrochemical instability of liquid
electrolyte have triggered safety issues as well as restrictions on the practical application
of Li-metal batteries. Therefore, solid-state lithium batteries (SSLBs), replacing liquid
electrolytes with high-stability and inflammable solid-state electrolytes (SSEs), have been
regarded as a good choice for further application in terms of safety.
In the fourth research work, a high energy/power-density quasi-solid-state Li-Se battery
(QSSLSEB) was achieved by combining a 3D-printed CNT interlayer and GPE filled
3Dprinted Se (3DPSE) cathodes. The CNT interlayer is beneficial for Li dendrite
suppressing, enabling the Li-Li symmetric cell stably run for 400 h under a current density
of 3 mA cm-2 and an areal capacity of 3 mA h cm-2, which is almost 10 times longer
compared with interlayer-free cell. Additionally, the 3DPSe cathodes with grid structure
provide large spaces for GPE impregnation to build interconnected Li+ transport channels
in thick electrodes, enabling fast Li+ transport in QSSLSEB. Accordingly, the
Li/CNT|GPE|3DPSe-x QSSLSEB exhibits excellent cycling stability and remarkable rate
performance with high Se ladings of 4~20 mg cm-2. With an ultrahigh Se loadings of 20
mg cm-2, the QSSLSEB delivers the highest reported areal capacity of 12.99 mA h cm-2
under a high current density of 3 mA cm-2.
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To realize fast charging all-solid-state Li batteries, a strategy using dual-vertically aligned
electrodes (DVAEs) was employed to address the issues of poor Li+ kinetics and dendrite
formation. On the anode side, the lithiophilic properties of the VA-Li electrode can guide
the selective nucleation and growth of Li on the micro-walls, filling the void space between
the channels and preventing perpendicular growth of dendrites. Moreover, due to the
reduced tortuosity for Li+ transport induced by the vertically aligned structure in both VA-Li
and VA-LFP, the Li+ transport kinetics are significantly improved. The DVAEs design has
the potential to enable the fast charging ASSLBs with enhanced electrochemical
performance. The high rate capabilities enabled by this design are proven through
evaluation of electrochemical performances in Li-Li symmetric cells and Li-LFP full cells.
The Li-LFP full cell assembled with DVAEs maintains a high capacity of 89.4 mAh g-1 at
4C after 2000 cycles. This work provides a new strategy for designing fast charging
ASSLBs via rational structural design of electrodes.

9.2 Contributions to this feild
1. Low-S loading cathode is one of the challenges for Li-S batteries. In this thesis, we
demonstrate the successful employment of 3D printing to design high-S loading cathode
for high energy density Li-S battery (Nano Energy, 2019. 56, 595-603). Different Sloading can be designed by adjusting the printed stacking layer. Moreover, the combination
of 3D printing thechique and freeze drying method realize the control of hole size in the
electrode. This work can open teh new window to develop advanced cathode for high
energy density Li-S batteries.
2. Li+ transport is usually poor in thick cathodes, resulting in low capacity output, fast
capacity decay and large over potential. In this thesis, we for the first time proposed a
thickness-independent electrode structure for Li-S batteries, which transforming a thick
electrode into numerous vertically-aligned "thin electrodes" (Energy Storage Materials,
2020, 24,

682-688). The similar electrochemical kinetics, Li+/e- conductivities, and

constant local thickness in “thin electrode” make it possible to achieve thicknessindependent electrochemical performance of electrodes. A highly similar cycling
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performance and rate performance were observed for vertically aligned electrode, no
matter total thickness of 250 or 750 μm.
3. The uncontrollable Li dendrite growth, especially under high current densities and deep
plating/striping, has inhibited practical application of Li metal batteries. In this thesis, we
developed a 3D printed vertically-aligned Li anode (3DP-VALi) with well-controlled
micro-scale features for selective “nucleation within micro-channel walls”, where Li
preferably deposits on the micro-walls of 3DP-VALi with a lithiophilic ZnO coating
(Advanced Energy Materials, 2020, 10, 1903753). Moreover, the numerous verticallyaligned channels exist among the micro-walls provide a large space for facilitating Li+
transport, accommodating deposited Li. We believe that the selective “nucleation within
micro-channel walls” with controllable Li growth orientation can effectively suppress the
Li dendrites, achieving a series of dendrite-free Li anodes and paving the way energy
storage devices with high energy/power density.
4. For Quasi-solid-state Li-Se Batteries, both poor Li+ transport in thick electrodes and Li
dendrite growth limit the improvements of the current density as well as Se loading,
resulting in low energy/power densities. In this thesis, a high-energy-density QSSLSEB is
for the first time realized by combining a 3D-printed carbon nanotube (CNT) with 3Dprinted high Se-loading (4 mg cm-2, 10 mg cm-2, and 20 mg cm-2) cathodes (named as
3DPSe-x cathodes, x is the Se loading) filled with GPEs (Journal of Materials Chemistry
A, 2020, 8, 278-286). First, Li dendrite growth was effectively suppressed by the 3Dprinted CNT interlayer; second, 3DPSe cathode with GPEs infusion facilitated the Li+
migration, which ensured high Se utilization and high rate performance as well. Benefitting
from the high ionic conductivity (2.8 ×10-3 S cm-1) of the GPE and rational architectural
design of 3DPSe-x cathode, as well as 3D-printed CNT interlayer, the QSSLSEBs exhibit
excellent electrochemical performance. A highest reported areal capacity of 12.99 mA h
cm-2 was delivered by the QSSLSEBs assembled with a highest reported 20 mg cm-2 Seloaded 3DPSe cathode.
5. Poor Li+ transport kinetics and Li dendrite formation under high charging current
densities have inhibited capabilities of all-solid-state lithium batteries. In this thesis, a dual
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vertically-aligned electrodes (DVAEs) structure with well-controlled microscale features
is proposed to promote the development of fast charging ASSLBs (Advanced Functional
Materials, 2020, 30, 2005357). Based on the rational design of DVAEs structure, both fast
charging SPE-based Li-Li symmetric cells and Li-LFP full cells are realized. Insights
gained from this work will open up new opportunities for the development of fast charging
ASSLBs.

9.3 Perspectives
Due to the 3D printing technique that can effectively control the mass loading of cathode,
at the same time, it can design proper structure host for Li deposition, thereby effectively
achieving high energy density of Li metal battery. Although there has been some progress
related to the development of Li metal batteries in terms of 3D printing, like cathode part,
Li anode part, and electrolyte part, there are still significant challenges to be overcome,
particularly for the practical application of LMBs. Herein, we propose potential directions
and perspectives for this field:
1. Better fundamental understanding on the Li-metal battery system is needed. There
are some studies that have been developed in the past year for the mechanism study on Li
metal anode, more detailed fundamental understandings are needed in the future, like SEI
formation, composition, etc. Moreover, the cathode part and the electrolytes are also can
not be ignored. Not only the Li anode but also the active material loading of cathode part
can directly affect the energy density of Li-metal battery. So, the rational design of cathode
is also essential for the high performance battery. Meanwhile, it is generally recognized
that reactions at the anode, cathode, and electrolyte should be responsible for the Li-metal
cell failure. Although the detailed mechanisms of these reactions have been investigated
separately, the possible synergistic effect between these side reactions remains poorly
understood. Such as the interfacial resistance between cathode electrolyte, anode, and
electrolyte.
2. Optimization of 3D printing technique is essential. Currently, the 3D printing
technique has a big application on energy storage systems. However, most of the
applications are focusing on macro- and microscale, like printing cathode, anode, and
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electrolyte. It seems that it is a little hard to print a nanoscale structure by using the
technique due to the limitation of printing slurry. So, to facilitate Li+/e- transport inside the
battery, a nanoscale porous structure is usually designed by another methods, such as some
additives of nanoscale size material, or a combination of phase inversion to create some
nanoscale pore size inside the electrode. These not only increase the complexity of
experimental operation but also reduces the active material loading. Considering these
statuses, optimization of 3D printing technique is necessary. Therefore, modifying the
printing slurry and combining a well-designed needle with nanoscale might satisfy the
requirements of printing nanostructured electrodes. Moreover, a dual-print head can also
be developed to improve the performance of Li-metal batteries, especially solid-state
batteries. Because the interfacial resistance between electrode and electrolyte can be
successfully decreased by a combination of a print electrode and print solid-state
electrolyte.
3. Advanced characterization techniques are urgently needed. Although there are some
various characterization techniques that have been applied to study the Li metal batteries,
such as a proper fundamental understanding of Li nucleation, Li dendrite growth, and
chemical/electrochemical reactivity are still unclear.
characterization

techniques

are

required.

First,

Therefore, some advanced
advanced

synchrotron-based

characterization techniques such as X-ray computed tomography and energy-dependent Xray fluorescence mapping are good candidates for the study of Li deposition mechanism
from the micro- to macroscales, which helps to have an accurate understanding of the
electrochemistry of Li-metal batteries, such as obtain the morphology and composition
evolution of the Li metal anode (and SEI layer). Other analysis techniques, such as in-situ
SEM, in-situ TEM, and in-situ XRD, can also help to have a comprehensive understanding
of the Li metal battery chemistry. Currently, few studies have focused on the study of the
mechanisms on the Li deposition and Li dendrite growth in the presence of Li surface.
4. Development of highly efficient cathode via 3D priting rechnique. The design of
cathode material, including composites and structure are crucial for the development of Limetal batteries. Although there are numerous studies on cathode part, very few designs
have realized the full utilization of cathode structure. 3D printing, as a new technology, has
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some advantages to fabricate Li metal battery cathode. First, developing a high-mass
loading cathode by printing method is important for high energy density Li-metal batteries.
The high active material loading cathode can be realized by adding the printed layers
without curreent collectors. Second, different porous size from macro-, micro-, to
nanoscale can be designed by using this technique, which is benefical for the ion transport,
especially at high-mass loading cathode. Third, some catalytic additives can be added into
the printed ink for the improving the battery performance. For example, for the Li-S battery,
CoS3 as a catalyst is proposed to decrease the dissociation energy of Li2S2 and propel the
electrochemical transformation of Li2S2 to Li2S.
5. Stabilization of the Li metal anode. Although practical applications of Li metal anodes
are still limited by several challenges, such as dendrite growth and low coulombic
efficiency, the rapid development of new strategies has been demonstrated to overcome
many bottlenecks in this field. However, most strategies are focus on the microscale
protection of Li metal, such as interlayer, electrolyte additives. More than 10 micrometers
of Li are ideal for the repeated plating/stripping process. In this case, the rational design of
host matrices is critically needed for practical Li-metal batteries. The host structure should
possess chemical, electrochemical, and mechanical stability. Therefore, 3D printing can be
a choice to design a 3D host for Li-metal batteries. This technique is beneficial for the
design of micro- and nanoscale structures, which can guide Li deposition direction from
the top of Li to the inner Li. Thus, it would be a better idea to combine the strategies of 3D
printing with Li deposition direction to synergistically improve the stability and
electrochemical performances of Li metal anodes.
6. Development of air-stability of solid-state electrolyte applied in 3D printing.
Rechargeable all-solid-state Li batteries (ASSLBs) are considered to be the next generation
of electrochemical energy storage systems. So the development of solid-state electrolyte
(SSE) is the key factor for ASSLBs. There are various types of electrolytes such as
polymer-, oxide-, sulfide-, and halide-based electrolyte. So far, just polymer-, oxide-based
and hybride electrolyte have been developed bu 3D printing and then applied in solid-state
battery systems, such as solid-state Li-Se battery, solid-state Li-S battery, and solid-state
Li-LFP battery system. Other two kinds of electrolyte, sulfide- and halide-based electrolyte
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can not been studied in the application of 3D printing. For the sulfide-based electrolyte, it
is hard to print it in atmosphere due to the instability of this electrolyte to water. However,
for the new halide-based electrolyte, it is stable in the dry air, so it mignt be print in the dry
air. Therefore, the halide-based electrolyte is a promising printable electrolyte for ASSLBs.
Furthemore, hybrid electrolyte, such as oxide-and halide-based hybrid and polymer-and
halide-based might be the main trend due to advantage of polymer electrolyte with binderfree, and oxide-based electrolyte with stable mechanical properties.
In conclusion, Li-metal batteries have attracted numerous attention due to their high energy
density. Although some significant studies that have been achieved, some fundamental and
engineering challenges still remain. To have a deep understanding of Li-metal batteries,
some new characterization techniques are necessary. Moreover, for the cathode part,
developing high-resolution 3D printing techniques are essential to realize high quality
cathode design from macro-, microscale to the nanoscale. And also, the rational design of
high-mass loading cathode by using 3D printing method plays an important role in realizing
high energy density batteries. For the anode part, controlling Li deposition direction and
suppressing Li dendrite growth by melted Li based on 3D printed host is also necessary for
high-performance Li-metal battery system. Finally, for the design of a 3D-printed solidstate electrolyte, the air-stable electrolyte can be proposed into the solid-state battery
system. Thus, multi-strategy approaches with specific aims will bring the Li-metal battery
closer to reality. We believe that with continued efforts, the Li-metal battery can act as the
next-generation energy storage system for large-scale electric vehicle applications.
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